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ABSTRACT. 
A new approaoh to the analysis of three-dimensional framed 
structures whose prismatio members are interconneoted by slab 
floors is presented. The method is illustrated by the oomputer 
program described. The structures are restricted to those of 
an orthogonal nature with rigid, 1nterc~ected elements. The 
method of solution is a stiffness matrix approach utilising a 
finite element formulation for the in-plane and out-of-plane 
action of the floor deck. A process of oondensation is applied 
to the stiffness matrices to reorganise and reduce storage demands. 
A 'part-structure' condensation is employed floor by floor, 
making the process highly suitable for multi-storey structures. 
Several examples are given to illustrate the use of the 
program and to demonstrate its versatility. Also the wide range 
of results obtainable and the methods of presentation are given. 
The program is used together with one for a plane frame 
analysis and one for a rigid, orthogonal, skeletal space frame 
analysis, both of which are desoribed in this volume, in order 
to investigate and oompare the solutions obtained for the test 
frames described. Some results are presented for the investigation 
into the stiffening effect of the floor slabs on the bare frame. 
Also the use of three-dimensional sub-frames for the analysis 
of beams in a space frame is presented. 
The effect on the total structure behaviour of finite 
element mesh concentration for the floor representation is 
also demonstrated. 
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x y 
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vi 
SY1 ,SZ1 ,SY2, SZ2 
S , S 
x y 
s 
xy 
U 
X,Y,Z 
X',Y',Z' 
XC,YC,ZC 
X-DIR, Y-DIR 
d 
dx, dy, dz 
n 
q 
t 
u 
v 
w 
ex(y,z) 
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- X,Y,Z coordinatea. 
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- number of member8. 
- load per unit area. 
- thickness of 8lab. 
- deflection of plate in X direction. 
- deflection of plate in Y direction. 
- shape function; vertical defleotion of plate. 
- rotation about X(Y,Z) axes. 
- Poisson's ratio. 
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1. INTRODUCTION. 
1.1 Historical and Critical Review of the Field of Research. 
The elastic analysis of structures has become a highly complex 
and extensive region for research. It can range from element or 
material behaviour to a more macroscopic scale such as total 
structural behaviour of large multi-storey frames. 
Before the advent of computers, analyses for large systems 
were tedious, being es~ablished using tabular methods suited 
to the drawing office and they could not be expected to handle 
complex structures. However, with the arrival of the computer, 
techniques utilising its attributes were extensively developed. 
Whereas an increase in the number of equations to be solved 
made hand solution undesirable, no loss of efficiency is 
apparent in a computer solution. 
The mathematical statement of the structural analysis 
problem was expressed as a series of simultaneous e~uations in 
matrix notation, since this was a highly attractive form for 
the programming of machines. Classical theory was used to 
obtain equations relating the unknown joint displacements of 
the structure to the applied loads, the structural properties 
1 being expressed as stiffnesses • It is not clear who first 
introduced the stiffness approach to structural analysis as 
it seems to have developed in various centres Simultaneously. 
However, the enormous impact the technique had, and still has, 
on structural analysis since computers became available is clear. 
The method was first applied to simple plane frames and proved 
to be far superior, when applied to more complex structures, 
compared with other methodR ~vailable such as moment distribution. 
Although computer programs were initially developed as 
a research tool the eventual aim was for a working design aid 
and therefore the programming of the technique for practising 
engine ere became the main objective. Here, the efficiency of 
programs in continual use became important, and the programming 
approach became more refined with the influenoe of user 
requirements. 
Initially a plan~·frame analysis was a straightforward 
programming exercise once the mathematical formulation had 
been derived, since generally the computer could handle the 
demands the analysis made on it especially when symmetry and 
bandwidth were utilised in the structure matrix. An early 
program was developed by Livesley1 who, it appears, instigated 
the development in this direction on a wide scale and his book 
on I Ma trix MethoJs of structural lUlAlysis' is a sound expose 
on the subject. 
Both the stiffness and flexibility methods are said to 
have be~t! developed in the 1860's by Maxwell and Clebsch. The 
stiffness or displacement method developed into the slope-
deflection technique as applied to the solution of continuous 
beams, but little use was made of the method for many years 
due to the need to solve many simultaneous equations by hand. 
However, being well suited to modern conputers, the stiffness 
approach was given a new lease of life with their intervention. 
Gelleral purpose programs were soon available but at 
this stage were confined to plane frame analysis, which proved 
to be and still proves to be a very useful ru,d readily 
implemented aid to the structural designer. Although only an 
idealisation of three-dimensional behaviour, for design 
purposes it has proved adequate. However, where a structure 
does not readily lend itself to simulation by a series of 
plane frames or the loadinb is not in the same plane as the 
frame, then the demand is for the next stage, namely space 
frame analysis and the first extension to a three-dimensional 
analysis was that fer a skeletal space frame. 
With the extension to three-dimensional apace frames 
the demands on the computer store increased. In the plane frame 
case only three degrees of freedom at a node are required. 
Therefore for a frame of N nodes there are 3N equations to be 
solved. The corresponding etructure matrix for this is 3N x 3N 
in size, but this is both symmetric and banded, which allows 
for a much more compact form of data storage. Por a space 
frame, the number of unknowns increases to 6N and the storage 
requirements increase alarmingly. This was only a problem 
whilst the size of computers was small but with the development 
of better machines and suitable backing store the problem 
became surmountable, enabling three-dimensional skeletal 
analysis to be undertaken. 
However, for more encompassing structural behaviour, 
research workers now aimed for what might be called 'the 
analysis of complete structures' where, for an elastic analysis, 
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the behaviour of a beam or column member could be defined by 
the slope-deflection equations. In order to include elements 
such as floors or walls into the analysis the elastic behaviour 
or stiffness of these elements would have to be defined. The 
development of sophisticated techniques such as finite 
difference, finite element2 , localised Ritz3 and other variational 
methods allied to computers has enabled these extra elements 
to be incorporated. However, it can be here that the problems 
start. 
The finite difference formulation for the analysis of 
thin plates can be extended to provide a force/displacement 
relationship as developed by Croll4 or Salonen5 which could 
be incorporated into a structure analysis, but results provided 
by this are inferior to those of the finite element method2 • 
This technique enables the complete definition of all the 
required variables except one, that is the in-plane rotational 
stiffness of the plate element. Despite this, it does provide 
the best force/displacement relationships for ease of use in 
programming for a complete structure analysis. 
Thus with the theoretical obstacles removed all would 
appear straightforward but, as stated earlier, it can be here 
that the real problems start to occur. In order to formulate 
the arithmetic into a systematic solution process for a 
computer program it is evident that the demands on computer 
storage can be excessive. Thus it is inevitable that 
computational techniques for reduction or simplification are 
required to temper these demands and, if necessary or 
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justifiable, this may be achieved by approximation. 
Therefore a new direction evolved where approximate or 
pseudo-three-dimensional structural behaviour could be handled 
more easily than the full elastic analysis of a diaphragmed 
space frame. These approximating tecluliques are usually applied 
to structures whose nature is such that it diminishes any 
error in the approximation. 
6 An early approach put forward by Clough was one where 
the floors were asswned to act as rigid diaphrQb~ and that 
torsion of the structure could be negleoted. Here, horizontal 
deflection of frames and wall elemente would be equal, which 
could result in substantial error. A similar procedure was used 
by Weaver and Nelson7 in their paper on 'Three-dimensional 
analysis of tier buildings' where all joint displacements 
and all element stiffnesses are considered. However, again the 
floor slabs were assumed to be diaphragms, rigid in their own 
plane. 
In a paper by Majid and Williamson8 'a method for the 
analysiS of general complete structures conSisting of a 
combination of one or more of three basic components of the 
structure, namely: prismatic members, plate elements subject 
to forces within the plane of the elements and plate elements 
subject to out-of-plane forces' is described together with 
the associated computer program. The process uses a matrix 
displacement method and consists of assembling a total stiffness 
matrix for the structure from individual element stiffness 
matricel!, where fi.nite element techniques are used to develop 
the plate element stiffness, 
The program described is very comprehensive, including 
the analysis of general frames in three-dimensions. However, 
it does require that all the degrees of freedom are represented 
in the structure stiffness matrix at the sarne time and because 
of this storage requirements can soon lead to problema with 
quite small structures, especially if diaphragm sections are 
split into many elements. The mathematical analysis is justified 
by experimental results given in the paper, and it is I!tated 
that the addition of a floor slab increaeel! by about 25% the 
in-plane sway stiffness of the bare frame. 
The paper by Bond9 describes a similar analysis and goes 
on to give information of a program for studying the design of 
reinforced concrete I!tructures supported on columna. In order 
to reduce the complexity of the problem, the number of degrees 
of freedom haa been reduced from the 6 per node in a space 
frame structure. Here only the flexural behaviour of the 
slab element has been considered and torsional resistance of 
the columns has been omitted. An approximation is used to 
overcome the lack of continuity between beam and slab elements, 
where beam elements are restricted to only three degrees of 
freedom. 
To take the approximation one stage further, stamato and 
Stafford ~mith10 give an 'Approximate method for the three-
dimensioLal analysis of tall buildings'. The technique consistl! 
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of analysing two-dimensional panels arranged orthogonally 
or obliquely, whose compatibility of displacements is provided 
for at panel intersections. tiere a two-dimensional approximation 
to the three-dimensional situation is undertaken with the 
assumption that certain degrees of freedom in these casee are 
not significant. Heavy restrictions are put on the floor behaviour, 
where elements are treated as rigid diaphragms of infinite in-
plane and zero transverse stiffness. However, the method does 
point to the use of repetitive elements or sections of structure 
throughout the space frame. 
A different approach to the problem is put forward by 
11 Zienkiewicz, Parekh and Teply in their paper on 'buildings 
composed of floor and wall panels', where the primary load 
bearing action is taken by in-plane forces. The paper demomatratee 
this approach by examples and expresses the economy in the adoption 
of this form of action. However, it only corresponds to those 
structures of the panel nature described, e.g. load bearing 
shear wall structures etc •. Thus it is not applicable to 
column/beam/slab structures where the bending action is more 
predominant. 
An approximation of structural behaviour, illustrated 
in a paper by N~jid and croxton12 , enables the 'wind analysis 
of complete building structures by influence coefficients'. 
Conclusions are made that there is a real need for special 
purpose programs for the various kinds of three-dimensional 
analysis, and also that 'the assumption that the slabs are 
rie;id diaphragms can t5Tossly misrepresent their actual 
behaviour' • 
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Yet with all these possible approaclles it still appears 
that one question remains unanswered, that being the comparative 
merits of these various solution processes. When searohing for 
a program the designer must choose one to suit his requirements, 
but will he know what the various progTams will provide and 
what is more important, will the one he chooses be the most 
efficient? Thus it appears that any information on the 
comparative merits of program systems for elastic analysis 
would be beneficial. 
1.2 The Scope of Proposed Work. 
With the foregoing background of research in the field of three-
dimensional structures it was decided to develop a computer 
program to analyse a special, though by no means rare, kina 
of structure. It was hoped that techniques utilised in the work 
on Tee-beam analysiS13 would prove fruitful in reducing the 
problem to a manageable size. 
The specification of the kind of structure to be considered 
was not expected to be restrictive since the nature of the 
specialised structure was to be orthogonal, a type which 
occurs frequently in today's framed buildings. The structure 
could consist of column and beam elements interconnected by 
floor elabe. The construction material must be borne in mind 
since it may aleo influence the nature of the program. 
It ie necessary to try to avoid the assumption that the 
floor slabs act as rigid diaphragms since this can lead to 
erroneous results12 • 1hus it was essential to establish 
suitable mathematical representation of the floor elements 
and an jnvestigation into this problem was scheduled, bearing 
in mind the need for the ease with which element formulation 
would allow versatility in the floor layout. 
The main objective resolved itself into a full 
three-dimensional elastic analysis of orthogonal beam/column 
systems interconnected by elastic plate elements representing 
the floor deck. The developed program would utilise available 
mathematical and computa.tional techniques in performing the 
analysis of multi-storey structures. 
It was also decided to investigate the comparative merits 
of certain approaches to elastic structure analysis using 
programs which were available, these being a plane frame analysis, 
a skeletal space frame analysis and a 'complete structure' 
analysis. The results from this work may influence the choice 
of program type for a particular use, and would enable 
conclusions to be drawn as to how three-dimensional behaviour 
can be r~presented more accurately in a simpler analysis. 
1.3 The Application of Programs for Elastic ~1alysis to Design. 
Vlhen considering the problem of structural analysis it is 
important to realise the context for such an analysis. It is 
usually required in order to understand structural behaviour 
and to enable a 'safe' design ag'ainst collapse or serviceability. 
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It could also be used to investigate the optimisation of a 
structural layout. 
Analysis can be used for the overall structural behaviour 
in conceptual design or in determining element forces to 
facilitate element design. Therefore it is necessary to specify 
the obJ3ctive in order to set the requirements of the computer 
program. The mass of results provided by large general purpose 
programs is not always applicable to certain stages of design 
and a plane frame analysis would provide the required information 
in a sufficiently accurate form. 
The question of efficiency and economics must be considered 
when computer programs are to be used as a design tool. Unless 
the program can be demonstrated to be, in effect, more efficient 
and/or more economic than the methods it is replacing, its use 
cannot be said to be beneficial. The need for its operation 
to dove-tail into the production side of design work is of 
particular importance when it comes to user orientated 
programming. Yet this cannot be an overriding factor such 
that the programs must be adapted to cater for general office 
practice. ;lowever, incorporation of a program system should 
not cause undue interference with the efficient running of the 
design process. 
1.4 The Present state of the Proposed Research. 
This is a short resume of the present condition of the work 
proposed in 1.2. The 'complete structure' program has been 
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implemented but only in & prototype form; however, successful 
use of the program has still been achieved. 
Two other programs have been written or adapted, one 
analysing elastic plane frames and the other skeletal space 
frames, which were used together with the prototype program 
in the investigation of different elastic frame solutions. 
The comparative frame testing was carried out with the 
three programs as stated above but the author would have wished 
to have extended the work in this field. Yet result~ for the 
tests completed have already shown interesting trends and have 
proved to be quite enlightening. The approach of considering 
a limited sub-frame concept in three-dimensions has not been 
successful but has lead to some encouraging results. 
Despite a certain amount of progress being made, it 
is thought that there is still room for improvement and 
refinement to the main program and that further frame testing 
would eventually lead to beneficial results. 
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2. 'rilE Di'rllil,INA'rIUN OF POINTS OF CONTIlAF'LEIi.Urlli ALONG 
TEE-BEAMS. 
2.1 Introduction. 
In current computer programs for the elastic analysis of 
plane frames by the stiffness method, the stiffness of each 
member of the frame is constant, and where it is desired to 
include a member of non-uniform cross-section it is necessary 
to introduce new joints at the pOSitions of the change in 
properties. 
In analysing concrete plane frames, in a monolithic 
structure, the beams can be assumed to act as Tee-beams. Here, 
there is an increase in the beam's stiffness produced by the 
increase in cross-sectional area of the member. However, since 
Tee-beam action occurs only in the compression part of the 
member, the analyst has to choose whether to make the whole, 
or part of, the beam a Tee-section. 
Ii1 the first case no new joints are needed but it may 
be that a Tee-beam has been assumed where a hogging moment exists, 
1.e. a compression flange has been asswned where the beam is 
in tenaion. The usual form of the bending moment along the beam 
does, in fact, produce two such regions at each end of the beam. 
Thus the second choice appears more realistic but leads to the 
problem of where the change from a hogging to a sagging rnolflent 
occurs. 
-1~ 
The changeover pOints are known as the points of 
contraflexure and are not fixed but, in a fully rigid 
rectangular structure, depend on the system of loading and 
restraint on the beam. 
In practice it appears that these points are assumed 
to be at fixed positions on the beam, varying between 0.1 and 
0.15 of the length of the beam from its end. It seems that these 
values have been set by experience and are accepted in codes 
of practice. However, as there has been little work done in 
the determination of accurate positions for these points, 
considering Tee-beam action, a oomputer program was written 
which ar~lyses plane frames using Tee-bearne and which calculates 
the locations of the points of contraflexure. These calculated 
locations are then used to re-construct the stiffness matrix 
for the Tee-beam, followed by a re-cycling of the analysi/'!! for 
iteration towards accurate location for the points of contraflexure, 
'rhe program provides an understanding of how a sophisticated 
elastic analysis program is implemented. It enables an 
investigation into the use of a condensation technique, 
demonstrating its advantages but also illustrating its 
drawbacks. The Tee-beam analysis allows the study of the 
behaviour of a segmented beam, with particular reference to 
its effect on the bending moment distribution, to be undertaken. 
The matrix techniques used are well documented and for 
1 further references the reader should refer to works by Lives~ • 
Morice2 , Jenkine3 or Rubinstein4 and many others too numerous 
to mention. 
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2.2 Tee-beam stiffness matrix. 
The stiffness matrix of a Tee-beam comprises three element 
stiffnesses, where the beam is assumed to be composed of three 
elements or segments. The two end segments are assumed to be 
acting under a hogging moment and therefore are taken to be 
rectangular in cross-section, whereas the middle segment is in 
compression and thus is assumed to have a Tee section. A 
stiffness matrix is constructed for each segment and the total 
stiffness matrix of the'beam is obtained by combining the 
segment matrices. 
A compatible matrix for a Tee-beam, of the same fOl~ as 
that for an ordinary member, is obtained by the removal of the 
unwanted displacements. This is accomplished by suitable 
adjustments to the total stiffness matrix to prepare it for a 
Gaussian elimination procedure5• This procedure is stopped as 
soon as the unwanted displacements have been removed. The 
'condensed stiffness matrix' for the Tee-beam is now contained 
in the total stiffness matrix after this elimination. This 
matrix will be the same size as the usual member stiffness matrix. 
The whole process is illustrated algebraically belowl 
Let r 1 be the vector of unwanted displacements, i.e. internal 
member displacements. 
Let r 2 be the vector of retained displacements, i.e. member-
end displacements. 
Let R1 and R2 be the corresponding load vectors. 
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K is the stiffness matrix so that 
r 1 R1 
K. = 
r 2 R2 
where K = k1 k2 
kT 
2 k3 
therefore 
which is of the usual form K.r = R 
- -
( T -1 ) where the condensed matrix! = k, - k2.k1 .k2 
T -1 
and the condensed load vector R = ~ - k2.k1 .R, 
(2.1) 
(2.2) 
(2.4) 
(2.5) 
It should be noticed that this condensed matrix is load 
dependent which separates it from the usual load independent 
member stiffness matrices, since, when condensing a member 
matrix, it is necessary to condense the load vector associated 
with it. 
How the condensation process is applied to the total 
stiffness matrix is not completely self-evident. The actual 
process is carried out by applying a Gaussian triangularisation 
routine to the total stiffness matrix of the Tee-beam after 
it has been re-arranged so that the unwanted and retained 
displacements are in the vectors r 1 and r 2 respectively as shown in 
equation \2.1). Pig 2.1 shows the Tee-beam segment matrices and 
their subsequent 'addition' to form the total stiffness matrix. 
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Fig. 2.1 Segmented Tee-beam. 
1 
I SEG1 
2 
I SEG2 
3 SEG3 4 ~ I I 
d3 d4 Displ 
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rna 
where Ki (i=1,2,3) is of the form 
(2.6) 
1hus the total stiffness matrix of the Tee-beam is K where 
I.D =R 
where D is the total displacement vector Id1 d2 d3 d4 IT 
and R is the total load vector. 
The lliatrix! in equation (2.1) is of the form 
-----1 d1 R1 K1 
I - - I- - T 
1 I I d2 R2 
-1-~ ~_ = I I I d3 R3 I 1 I 
.- - -1- - - K 
I 3 d4 R4 I I. ____ 
(2.1) 
(2.8) 
Now the actual end displacements of the Tee-beam are containel 
in vectors d1 and d4, leaving d2 and d3 as the unwanted displacemen" 
represented by r 1 in equation (2. 1). 
It is possible to expand equation (2.A) using the individual 
segment matrices K. as expressed in equation (2.6) for the total stj 
~ 
matrix !. Then after rearranging this matrix to obtain the form of 
equations shown in (2.1) and (2.2) equation (2.8) becomes 
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k14 + k21 ~2 : k13 0 
d
2 
J 
~I 
, I 
k23 k24 + k31: 0 k32 d3 R3 
-
-- - -- -
- - r- - .-- = (2.9) 
k12 0 : k11 0 d1 R, 
0 k33 I 0 k34 d4 R4 
This is now in the equivalent form of k1 k2 
since 
Therefore it is now possible to eliminate the unwanted 
displacements using the Gaussian process. A flowohart for 
the procedure is given in Fig. 2,2, where it is sufficient 
to note that if the process is operated to a required depth 
of the stiffness matrix (in equation (2.9») a condensed 
matrix and load vector will be obtained. 
2.3 Points of contraflexure. 
L 
- - --
M1 
Fig. 2.3 General form of Bending Moment Distribution 
along a Tee-beam. 
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,~)tart 
I 
i -= o. 
1/JPIV./ 
'------illS j > N + ? 
• I 
IA , 
-l<J AI .. >{.J 
yes 
Stop 
Fic;. 2.2 Flowchart diabTam for matrix condensation process. 
If tfle total stiffness matrix is K with load vector R then the 
matrix A is as folLows:- A == 
i. e. the las t column of A holds the load vector. 
The size of A is ~ N+1. 
1he required depth of condensation is D. 
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Fig. 2.3 illustrates the usual form of the bending moment which 
exists along a typical Tee-beam. It is required of the program 
to determine the points of contraflexure on those beams being 
used as Tee-beams. Since these positions are the locations of 
zero moment along the bearn, the full bending moment distribution 
along the beam is required. In Fig. 2.3 the points of 
contraflexure are indicated by P1 and P2. 
The joint displacements and forces are obtained from the 
stiffness matrix analysis of the plane frame. Therefore the 
restraining mO'lellts, J.abelled M1 and M2 in Fig. 2.3, are obtained 
from this nodal allalysis, and the total moment distribution is 
the sum of the restraining moment and free bending moment 
distributions. ~IUS the only requirement is the so called 'simply 
supported' moment distribution. This is not readily obtainable 
from the analysis and extra procedures are necessary to store 
member loads in readiness for its calculation. Using these loads 
and member properties the simply supported moment distribution 
for any member is obtained via the well known formulae for point, 
uniformly distributed and moment loads, which are built into 
the program. 
Having obtained the total distribution it is necessary 
to locate the points of contraflexure. Specific values for the 
moment are stored at N+1 points at intervals of liN along the 
beam. A search is then made to locate a change of sign between 
M and M 1 (the moment values at the ith and i+1th locations). 
i i+ 
Where a chaneS'e of sign is obtained, it is known that a point of 
contraflexure exists in the interval (i, i+1). The exact location 
is not easily obtained without recourse to successive shortening 
of the interval. lJowever, an approximate position ca.n be obtained 
.--
I ~i 1'\ j~ 
I liN 
1 •• ---
xi x. 2 1+ 
FiQ• 2.4 Linear interpolation, after interval search 
1 
x. 
1 
of bending moment for change in sign. 
Exact moment ,curve. 
Linear approximation to moment curve. 
Beam length. 
ith x coordinate along beam. 
by a sim:,le linear interpolation between the interval, as 
illustrated in Fig. 2.4. The position obtained is an 
approximation but has proved sufficiently accurate for general 
analysis purposes. Due to the usual shape of the bending moment 
curve, the slope between an interval is fairly shallow, tending 
to a straight line, and therefore a linear interpolation is a 
reasonable first approximation. The part of the pro~ram 
concerned with this section will find the number of points 
of contraflexure together with their approximate locations 
and would expect zero, one or two points per beam. 
2.4 Program Implementation. 
The techniques previously outlined for the Tee-beam matrix 
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assembly and for the determination of the points of contraflexure 
are both introduced into a simple elastic plane frame program. 
The one chosen for this purpose was supplied by the Structural 
Computation Unit at the University of Warwick. The program 
was a stiffness matrix analysis but with a highly sophisticated 
user-orientated input/output system. 
An iteration process is set up to utilise calculated 
locations for the points of contraflexure as a better assessment 
of Tee-beam stiffness. However, initial pOSitions are required 
and they are set at a
4
tenth of the length from each end of the 
beam. The iteration continues until successive positions of the 
points of contraflexure have converged to a desired accuracy. 
The convergence limit of 0.05 ins (0.1 mms) has been built into 
the program and has proved suitable for general use. 
The whole procedure is illustrated by the flowchart 
given in Fig. 2.5, where the new sections are labelled with an 
asterisk. An operation manual for potential users has been 
issued by the Structural Computation Unit (Manual No. 7 -
referring to Manuals Nos. 1 and 5). 
Basically there are only two major new additions to the 
main body of the original program. The first handles the Tee-
beam members' stiffness assembly, utilising some of the 
procedures listed in Table 2.1. The second is a more independent 
segment which handles the solution for the points of 
oontraflexure. This segment has been given the name INFLEC 
in the program and it also utilises certain procedures 
given in Table 2.1. 
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TABLE 2.1 Description of new procedures in Tee-beam program. 
NAME 
TB 
AVOID 
STORELOAD 
IFEF 
CONDES 
POSMEM 
PICKUP 
SOLVTB 
INPUT 
section dimensions 
member loading 
member loading 
Tee-beam matrix 
and load vector 
segment member 
matrix 
condensed matrix 
and load vector 
-2~ 
DESCRIPTION 
calculates Tee-beam area ru 
inertia. 
constructs structure load , 
from stored member loads. 
stores member loads for fu1 
use. 
calculates the fixed end ef 
due to member loading for a 
segment of a Tee-beam for u 
the total matrix load vecto 
condensation routine. 
positions individual Tee-be; 
segment matrices into the tc 
matrix ready for condensat~( 
stores the condensed Tee-be~ 
matrix and vector ready for 
solution of member forces. 
calculates Tee-beam member 
end forces. 
TABLE 2.1 continued. 
NAME 
MOMENT 
ROOTS 
HEINT 
PUN OUT 
CONY 
INPUT 
member loading 
and fixed end 
forces 
moment distribution, 
member length and 
intervals per beam 
old and new segment 
lengths 
latest segment 
lengths 
old and new points 
of contraflexure 
DESCRIPTION 
forms the bending moment 
distribution along a Tee-h 
finds the number and posit: 
of zero moment along a Tee· 
resets the segment lengths 
Tee-beams from the latest 
known positions for the 
points of contraflexure. 
output procedure for final 
Tee-beam segment lengths. 
checks on the convergence 0 
successive positions of the 
points of contraflexure. 
/ 
read 
structure 
data 
,- - - - - ~ - - - .-
no 
, 
. , 
-p 
/ 
form member 
stiffness 
matrix 
transform 
me'nber 
stiffness 
matrix 
, 
V 
assemble 
member matrix 
in structure 
matrix 
are members 
exhausted? 
, 
take 
a 
member 
yes 
'--4'1- - - - ~ 
read 
load case 
and store 
* is member 
a Tee-beam? 
yes 
construct * 
Tee-beam 
matrix and 
load vector 
condensation 
and store 
required 
matrices * 
triangularise 
structure 
matrix 
Fig. 2.5 Flowchart for Tee-beam program. 
• Tee-beam program route. 
-~ Original program route. * New procedures. 
... - -4-, 
I 
t 
~- -
solve for 
member 
end 
forces 
solve for ... 
Tee-beam 
forces 
solve for ... 
points of 
contraflexure 
- - -t- - -(read load case) - - --4-
back-
" I' 
substi tution 
_____ for 
deformations 
reset ... 
Tee-beam 
seto;ments 
". 
no 
have points 
converged to 
desired 
accuracy? 
yes 
no 
.... -------
... 
- -1>- - - - - - -
Fig. 2.5 continued. Flowchart for Tee-beam program. 
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~ 
It is evident from the flowchart of Fig. 2.5 that a 
slight re-structuring of the program was necessary. This was 
in the positioning of the input load data. Previously the structure 
stiffness matrix was composed of purely load independent member 
matrices, but now, with the inclusion of Tee-beams whose 
condensed matrix is load dependent, it was necessary to re-
position the load input section. This is illustrated by the 
flowchart which gives both the original and new positions. 
The program, already having a user-orientated input 
system, will handle various types of member loading. This can 
comprise of any combination of either line, point or moment 
loads applied at specified locations on a member. Therefore it 
was required to allow the Tee-beam members to also be loaded 
in this way. 
An extra facility added to the Tee-beam program was one 
to enable the self-weight of a oonorete structure to be 
included in the frame analysis. This was done internally 
by specifying a concrete density - 150 lb/cu.ft ( 24 KN/M3 ) 
- and using the {STOSS cross-section and length to calculate 
member self-weight. At the input stage it is possible to 
select those members whose self-weight is to be considered 
in the analysis. 
The information for the points of contraflexure is 
given by displaying the segment lengths of the Tee-beam, 
assuming that usually there are three segments. Also the type 
of cross-section for each segment is given. The number of beam 
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intervals is set at 100. 
As an example, for a Tee-beam member of length 120ins., 
a typical output could be as followSI-
T-BEAM SEGMENTS 
LENGTH :'::N INCHES 
MEMBER SEG1 
X-SECTION RECT 
2 - 3 7.4 
SEG2 
TEE 
105.3 
SEG3 
RECT 
7.4 
Fig. 2.6 Example points of contraflexure output. 
If only one point exists then the relevant segment will be 
put to zero length, and in the case where the moment 1s purely 
hogging - i.e. no points exist - the middle segment will revert 
to 'RECT' in cross-section. Also output is the number of 
iterations taken for all inflection points to have converged 
to the stated accuracy. 
The program is written in 4100 Algol and was developed 
on an I.C.L. 4130 machine, housed at the University of Warwick. 
It has been stored in object code on disc ready for use in a 
batch system process. 
It was tested by comparing results with those obtained 
from 'ELAN5', the plane frame analysis program from which 
the Tee-beam one was developed. The test consisted of first 
using 'Tee-beam' to establish the locations of the points 
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of contraflexuxe. Then, a similar frame was simulated for use 
with the 'ELAN5' program. This was done by introducing new 
nodes at the points of contraflexure so that different 
properties could be given for each segment of the beam 
corresponding to rectangular or tee section as required. 
The 'ELAN5' output gave the moment values at the positions 
of contraflexure and these were expected to be zero if the 
locations were exaot. The values obtained were indeed very 
small and it was established that the moments given at 
determined points of C9ntraflexure were less than 1% of the 
smallest end moment of each beam. The results obtained from 
this test were believed to be satisfactory and well within 
any working limits required. The test frame used here is the 
Bame as that given in the following results section - Example 
Frame 1. 
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2.5 BJeample l''rame Illustrating the Uee of the Tee-beam PrograJll. 
The example chosen is the simple rectangular framed structure 
shown below in Fig. 2.1. The actual input and output is given, 
together with the structure properties. For a specification 
of the use of the program the reader is referred to Manual 
No. 1 issued by the Structural Computation Unit at the University 
of Warwick. 
10 11 11 11 12 
oc;ar ! 
-l, 13 12 10ft. 
7 1 I 8 11 9 r~-- --~--
!13 12 13 
I 
10ft. 
4 I 51 I 6 
-------"1-- -1- - 1-
I 
13 12 13 
10ft. 
1 2 3 
T 
20ft. 20ft. 
Fig. 2.1 Example Frame 1. 
Member Properties. Breadth Depth Flange Floor Depth 
In Inches 
15 5 11 15 18 
12 12 12 
13 9 12 
Young's Modulus 2 x: 10
61bS per eq.in. 
,1599~)I) 1500 
10 _ ...... I IfL..,J. J ') 11, 112 
i 
13.45 113.45 
. 1 
7 8 
26 13.45 
1750 1I5J 
4 
1 1 21 3 (;/;i 
Fig. 2.8 Loading Case 1. 
Dead Load. 
Super Load. 
Self-weight of membe~. 
Unitss Line loads in Ib/ft run, point loads in Kips. 
10 12 
1044 1750 
7 8 9 
1750 1044 
4 . 1, 5 1 2 
lit 
Fig. 2.9 Loading Case 2. 
Dead Load. 
Super Load on alternate spans. 
Self-weight of structure. 
Unitss Line loads in Ib/ft run. 
The two loading cases considered are shown in Figs. 2 .8 and 2 .9. 
Results for the example. 
The full computer output is now given together with the moment 
distribution on the frame for load case 2 in Fig. 2 .10. 
[EXAMPLE FRAME] 
9,12,15,2,6, 
IMPERIAL CONCRETE 
1;XYR 2,XYR 3,XYR 
* 
1/4/7/10,3/6/9/12(101-1- . 
2/5/8/11(102) 
4/5/6;1/8/9,10/11/12(103) 
101 )9,12, 
102)12,12; 
103)15,18;15,5; 
* 
0,20;40;0;20,40,0,20,40,0,20,40, 
0(3,11(3,21(3,31(3; 
* 
[DEAD -+SUPER LOAiJ 
1-1750 V 4/5,5/6,7/8,8/9, 
L-1500 V 10/11,11/12; 
P -26 V 4, 
P -13.45 V 6;7,9, 
L -131 S 1/4;4/7;7/10,3/6,6/9,9/12, 
L -150 S 2/5;5/8,8/11, 
* 
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ALL CONVERGED 
ITERATIONS EQUAL 3 
T-BEAM SEGMENTS 
LENGTHS IN INCHES 
MEMBER SEX; 1 SEG2 SEX;3 
X-SECTION RECT TEE RECT 
4- 5 16.9 176.9 46.2 
5- 6 46.2 176.8 17.0 
7- 8 20.3 174.4 45.3 
8- 9 45.3 174.4 20.3 
10- 11 12.5 •. 181.7 45.7 
11- ~2 45.7 181. 7 12.5 
CASE 1 
DEFLECTIONS IN INCHES ROTATIONS IN RADIANS X 100 
J'l'. X-DIRN Y .. DIRN ROTN 
1 0.0000 0.0000 0.0000 
2 0.0000 0.0000 0.0000 
3 0.0000 0.0000 0.0000 
4 -0.0014 -0.0530 -0.1155 
5 -0.0010 -0.0531 0.0016 
6 -0.0006 -0.0453 0.1186 
7 -0.0029 -0.0775 -0.1056 
8 -0.0029 -0.0844 0.0016 
9 -0.0029 -0.0698 0.1088 
10 -0.0042 -0.0850 -0.1216 
11 
-0.0048 -0.0989 0.0016 
12 -0.0055 -0.0773 0.1248 
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FORCES KIPS MOMENTS KIPS FT 
MEMBER AXL1 SHR1 MOM1 
1- 4 87.47 -1.05 -3.88 
4- 7 44.67 -2.42 -12.26 
7- 10 14.23 -2.48 -12.09 
3- 6 74.93 1.05 3.83 
6- 9 44.67 2.42 12.25 
9- 12 14.23 2.48 12.09 
2- 5 116.72 0.00 -0.03 
5- 8 75.80 0.00 -0.00 
8- 11 35.65 -0.00 -0.00 
4- 5 -1.37 15.36 19.92 
5- 6 -1.37 19.63 62.62 
7- 8 -0.06 15.67 23.99 
8- 9 -0.06 19.33 60.50 
10- 11 2.48 12.~ 12.67 
11- 12 2.48 17.08 54.18 
[DEAD + SUPER ON ALT. SPAN~ 
L -1750 V 4/5,8/9; 
L -1044 V 5/6;7/8; 
L -1500 V 10/11;11/12, 
L -150 S 2/5;5/8,8/11; 
L -131 S 1/4;4/7;7/10;3/6,6/9;9/12; 
* 
ALL CONVERGED 
ITERATIONS EQUAL 3 
T-BEAM SffiMENTS 
LENGTHS IN INCHES 
MEMBER SEn1 SEG2 
X-SECTION RECT TEE 
4- 5 17.0 185.1 
5- 6 55.8 164.5 
7- 8 26.0 160.1 
8- 9 36.4 183.1 
10- 11 11 .8 185.0 
11- 12 45.2 181.3 
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AXL2 SHR2 MOM2 
-86.03 1.05 
-7.66 
-43.36 2.42 -11.90 
-12.92 2.48 -12.67 
-73.49 -1.05 7.71 
-43.36 -2.42 11.90 
-12.92 -2.48 12.67 
':'115.07 
-0.00 0.03 
-74.30 -0.00 0.00 
-34.15 0.00 0.00 
1.37 19.64 -62.66 
1.37 15.37 -19.97 
0.06 19.33 -60.50 
0.06 15.67 
-23.99 
-2.48 17.08 -54.18 
-2.48 12.92 -12.67 
sm3 
RECT 
37.9 
19.6 
53.9 
20.6 
43.1 
13.5 
,:,.~.- .. -.j....:.:. ,.'., 
.,' 1'
'1'::r 
: J i 'j 
. . : :: -.~ ............. " 
I 
i 
, J 
" I .j i I' 
:"i ':! ,. 'I " 
" " , 1 ''''1'''l''''i-:~ ""I''''j' :''''1'' '-'" ... ~. : :.: : . 
.. : ,.J.: ... :,.1 .. L.. : ! ' 
'.' :1 ~ 
CASE 2 
DEFLECTION;:; IN INCHES ROTATIONS IN RADIANS X 100 
JT. X-DIRN Y-DIRN ROTN 
1 0.0000 0.0000 0.0000 
2 0.0000 0.0000 0.0000 
3 0.0000 0.0000 0.0000 
4 0.0039 -0.0254 -0.1412 
5 0.0042 -0.0454 0.0462 
6 0.0046 
-0.0254 0.0582 
7 0.0045 -0.0389 -0.0506 
8 0.0045 -0.0731 -0.0466 
9 0.0047 -0.0428 0.1318 
10 0.0025 -0.0465 -0.1405 
11 0.0020 -0.0876 0.0056 
12 0.0012 
-0.0504 0.1289 
FORCES KIPS MOMElIITS l\ IPS FT 
MGMBER AXL1 SH.R1 ,.IOM1 AXL2 SHR2 MOM2 
1- 4 '42 .. 31 -1.21 -4.33 -40.87 1.21 -8.95 
4- 7 24.89 -2.06 -11.93 -23.58 2.06 -8.67 
7- 10 14.35 -2.10 -8.88 -13.04 2.10 -12.'2 
3- 6 42.29 0.58 2.25 -40.85 -0.58 4.15 
6- 9 31 .99 2.06 8.95 -30.68 -2.06 11.60 
9- 12 14.33 2.75 13.82 -13.02 -2.75 13.71 
2- 5 99.93 0.63 2.43 -98.28 -0.63 4.45 
5- 8 67.24 0.00 2.25 -65.14 -0.00 -2.20 
8- 11 35.43 -0.65 -4.51 -33.93 0.65 -2.01 
4- 5 -0.85 15.98 20.88 0.85 19.02 -51.30 
5- 6 -1.47 12.02 44.60 1.41 8.86 -13.10 
7- 8 -0.04 9.23 17.55 0.04 11.65 -41.81 
8- 9 -0.70 18.66 48.53 0.70 16.34 -25.42 
10- 11 2.10 13.04 12.12 -2.10 16.96 -51.25 
11- 12 2.75 16.98 53.26 -2.75 13.02 -13.71 
Storage Used: 25k. Time: 51 seconds. 
2.6 Some further test results using Tee-beam program. 
A selection of some of the results obtained by use of the 
Tee-beam program in an investigation into Tee-beam behavior 
are presented. However, to limit the size of this section 
a full report will not be given. 
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1. Comparison of the positions of points of contraflexure 
and end moments of beams in the given example - ~ig. 2.7 Frame 1 
- using: (a) Tee-section beams and 
(b) Rectangular section beams. 
In the results the three segment lengths are given as a ratio 
of the total span length &nd the end moments are given in Kips.ft. 
TABLE 2--t£ 
Results for Load Case 1. 
(a) Tee- section. 
MEMBER ! SEGMENTS END MOMENTS 
rENstOlCToMPR:ESstON [ TENSION M1 M2 
4 - 5 0.07 0.74 0.19 19.92 -62.66 
5 - 6 0.19 0.74 0.07 62.62 -19.97 
7 - 8 0.08 0.73 0.19 23.99 -60.50 
8 - 9 0.19 0.73 0.08 60.50 -23.99 
10- 11 0.05 0.76 0.19 12.67 -54.18 
11- 12 0.19 0.76 0.05 54.18 -12.67 
~b) Rectangular Section. 
4 - 5 0.10 0.61 0.23 26.79 -73.80 
5 - 6 0.23 0.67 0.10 73.76 -26.84 
7 - 8 0.12 0.65 0.23 31. 76 -70.84 
8 - 9 0.23 0.65 0.12 70.83 -31. 76 
10- 11 0.08 0.69 0.23 17.36 -65.07 
11- 12 0.23 0.69 0.08 6j.07 -17.36 
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TABLE 2,) 
Results for Load Case 2. 
(a) Tee-section. 
-
MEMBER SmMENTS END MOMENTS 
TENSION COMPRESSION TENSION M1 M2 
4 - 5 0.07 0.77 0.16 20.88 -51.30 
5 - 6 0.23 0.69 0.08 44.60 -13.10 
7 - 8 0.11 0.67 0.22 17.55 -41. 81 
8 
- 9 0.15 0.77 0.08 48.53 -25.42 
10 -11 0.05 0.17 0.18 12.12 
-51.25 
11 -12 0.19 0.75 0.06 53.26 -13.71 
(b) Rectangular section. 
o.4J 
4 - 5 0.10 0.70 0.20 28.12 -62.15 
5 - 6 0.28 0.61 0.11 52.53 -16.60 
7 - 8 0.14 0.58 0.28 21.93 -49.05 
8· - 9. 0.19 0.69 0.12 58.65 
-33.55 
10 -11 0.07 0.71 0.22 16.45 -62.35 
11 -12 0.24 0.68 0.08 65.02 -18.35 
2. A single example of the variation of Tee-beam end moments 
with respect to flange width for four different floor 
thicknesses i.e. depth of the flange is presented. These results 
are shown graphically in Fig. 2.11. Only one load case is 
considered for the example. 
2.7. Comments on the example of Fig. 2.7. and test results. 
It can be seen from the results that the points of inflexion 
for the example do not distribute themselves evenly along the 
beam, tending to have larger tension zones over continuous 
supports. The difference is quite substantial for this regular 
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frame with uniform dead and live loads. Also the iterations 
taken for the analysis is given as three, but it must be borne 
in mind that this is not three times the total run time and 
therefore would not necessarily increase the run time costs 
by three. 
The output of segment lengths enables the positions of 
curtailment of tensile reinforcement for span and support to 
be established. If it is desired to find the inflection points 
for rectangular beam systems, it is only necessary to use 
Tee-bea:.m with a zero !}oor depth. This is how results given 
in Section 2.6 were obtained. 
From the results given in TABLES 2.2 and 2.3 the size 
of the compression zone for the Tee-beam case ranges from 0.61 
to 0.77 of the span. This agrees reasonably well with the values 
set in the New Unified Code6 Where, in Section 3.3.1.2, 'for 
a continuous beam the distance between the points of zero 
moment may be taken as 0.7 times the effective span'. A 
comparison of results for Tee-beam and rectangular beams shows 
the increase in the compression zone by use of a Tee-beam 
and also the reduction in member-end moments, due to the 
moment attraction of the stiffer Tee-section. 
This moment attraction is also shown in Fig. 2.11, where 
the variation of end moment with flange width is illustrated. 
However, only the single case, that of a simple frame with 
uniform loading and a fixed size rib section, is given. A family 
of curve~ is shown for varying flange depths. Since the results 
shown are in isolation it is impossible to draw any quantitative 
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r~8ults. Further investigations have been undertaken, 
however, results of these will not be presented in this short 
report. 
2.8 Summary and Conclusions. 
'!he Tee-beam program is in a completed user state and has 
performed highly efficiently, succeeding in using the condensation 
technique to advantage. The iteration process and convergence 
limit have proved adequate for various test frames with 
irregular loading. However, an improvement to the program 
would appear possible whereby the bending moment envelope 
along the beam could be added to the output. 
The test results given illustrate the field of investigation 
which has been undertaken. However, as stated earlier, results 
of these will not be presented here. Yet the line of researoh 
appears beneficial and further work in this area would 
seem appropriate. 
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3. ORTH~;ONAL SPACE FRAME ANALYSIS. 
3.1 Introduction. 
A program has been produced to analyse rigid orthogonal space 
frames, in which the frames are solved elastically by means 
of a stiffness matrix analysis. The program is not unique, 
there being many space frame programs in existence. However, 
this program has been developed only for the testing of other 
programs. 
This is as followsl-
(a) in result testing of development work 
on more complex computer programs 
and (b) in comparative result testing of 
similar frames analysed by different 
pro~ms. 
Therefore this program has been restricted to rigid 
orthogonal skeletal space frames to facilitate ease of pro~mming 
and development. Rigid connections are assumed throughout but 
it would be simple to convert the program for piIllled connections. 
In a general analysis the transformation from member coordinates 
to structure coordinates becomes highly complex, especially 
if a further variable is introduced, that being the orientation 
of the principal axes to the longitudinal axis of the member. 
Thus to remove this oomplexity all members in a frame are 
assumed to be orthogonal in space and have their principal 
axes parallel to the member axes. 
Therefore this program is by no means the most sophisticated 
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Z(dz) 
• 
o"-------\-~-_ X( dx) 
END 1 
y. 
8-------. x' 
ex' 
(c) Member-end Forces. 
Fig. 3.1. Coordinate systems. 
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(a) Member coordinate 
axes and displacements. 
(b) Struoture coordinate 
axes. 
'Z 
---,_.---
y 
- I- -
END 2 
,Z 
Member Section 
Mx1 GJ 
L 
My1 0 
~\1 0 
Fx1 0 
Fy1 0 
Fz1 0 
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Mx2 -GJ 
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V1 
I 1-Iz2 0 
Fx2 0 
Fy2 0 
Fz2 0 
NOTATION 
0 0 0 0 0 -GJ 0 0 0 0 0 
L 
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L Y L1Y L Y L~Y 
0 ~I 0 6EI 0 0 0 2EI 0 -6EI 0 L z L2. Z 1 z -L1Z 
0 0 EA 0 0 0 0 0 -EA 0 0 
L L 
0 6EI 0 12EI 0 0 0 bEl 0 -12E1 0 
L1. Z L 3Z L~z --L3Z 
-6EI 0 0 0 1;EI 0 -6EI 0 0 0 -l2EI 
L~Y ~Y "L4.Y , ---vy 
0 0 0 0 0 GJ 0 0 0 0 0 
L 
2EI 0 0 0 -6EI 0 ~I 0 0 0 bEl 
LY L2.Y LY L.2.Y 
6EI -6EI 0 2EI 0 0 0 0 k:§I 0 0 
1 z "La. z L Z 1 1z 
0 0 -EA 0 0 0 0 0 EA 0 0 
L L 
0 -bEl 0 -l2EI 0 0 0 -bEl 0 12EI 0 
L ZZ --L'z l.J.z ---V Z 
bEl 0 0 0 -12EI 0 6EI 0 0 0 12EI 
L~Y --L,:r L2.Y ~Y 
E and G are the usual elastic moduli, A is the cross sectional area, 
I , I , J are the sectional properties and L is the member length. y z 
Fig. 3.2 Member Stiffness Matrix. 
ex1 
8y1 
eZ 1 
dX 1 
dY1 
dZ 1 
~ 
8y2 
eZ2 
dx2 
dY2 
dZ2 
of its type. However, it does enable an elastic analysis of 
large, three-dimensional, multi-storey frames to be obtained 
fairly quickly using machines without recourse to backing 
store i.e. discs or magnetic tapes. But a program of this 
kind cannot be used to analyse frames incorporating other 
structural elements, other than beams and columna that is, 
such as floors and walls. ~r this it is necessary to have a 
more complex program. However, it may be possible to obtain 
sufficient information of the required aocuracy using the 
orthogonal program by ~~oounting for the behaviour of the 
floor or other structural element in the stiffness of the 
beam or oolumn elements. It is mainly for this purpose tbat 
the program has been written. 
The program is not thought to be too restrictive, 
since nowadays a very large number of structures are 
orthogonal in nature, for example most multi-storey buildings 
are of this kind. A quick appraisal of such a building-Is 
elastic behaviour in the form of nodal displacements and member 
end forces can therefore be obtained by the use of this program. 
3 • 2 Analysis 
In a space frame each node (joint) of the structure will have 
six degrees of freedom, compared to only three in the plane 
frame case. These degrees of freedom are illustrated in Fig. 3. 1(a) 
by means of the six displacements. Tbe displacements are three 
deflections, dx, dy, dz and three rotations, Qx, Qy, Qz. 
Because of this increase in the number of displacements, the 
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size of the resulting structure stiffness matrix will be four 
times larger th~l that 1n the plane frame oase. 
The whole process of constructing the structure stiffness 
matrix can be swru~ised as folloWSI-
(i) Form the member stiffness matrioes k. 
(ii) Transform these matrioes to structure 
coordinates AkAT • 
A is the transformation matrix. 
(iii) Add the transformed matrices to form the 
structure stiffness matrix K. 
Or, 
where n is the number of members. 
The equation shown in Fig 3.2 for the member force/displaoement 
relationship can be rewritten in partitioned form as 
= 
(3.1) 
The matrix A, necessary to transform from member foroes to , 
structure forces, is of the form 
Mx ' T x'x T x'y T x'z 0 0 0 ~ 
My, T y'x T y'y T y'z 0 0 0 M Y 
Mz ' T 
• 
z'x 
T 
z 'y T z'z 0 0 0 M z 
Fx ' 0 0 0 Tx'x Tx ' y T 
F 
x'z x 
Fy ' 0 0 0 T Ty'y T F y'x y'z Y 
F 0 0 0 T 
z' z'x 
T Tz •z P z'y z 
Fig. 3.3 Force Transformation. 
-47-
where T, is Cos X'QX etc. 
x x 
Therefore we have 
P .. A P 
s m (3.2 ) 
where P is the force veotor and where s relates to the struoture 
and m to the member. 
From the member force/displacement relationship we have 
P - k d m m (3.3 ) 
where d is the displacement vector. 
Using the principal of contragredience the displacement transformation 
is 
(3.4) 
Substituting equations (3.3) and (3.4) into equation (3.2) we 
arrive at the result 
(3.5) 
Using thtl part! tioning as shown in equation (3~ 1) we can expand 
equation (3.5) as follows 
P1s T 0 k11 k12 
TT 0 d1s 
= 
P2s 0 T k21 k22 0 
TT ~s (3.6) 
which can be simplified to 
P1 I Tk11 TT Tk12TT d1s 
P2:1 "" T 'rK22TT ~s Tk21T (3.1) 
The matrix T is of the form X 0 as shown by Fig. 3.3. 
0 X 
Taking the term Tk11 T T as typical of the four submatrices 
of the stiffness matrix in equatian(}.7), we can reduce the 
formation of Tk11TT to four 3x3 eubmatrioes of the form 
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T 
'J'k11 '1'T Xk11aX ~ivin6 as 
T T k 11b , Xk11aX Xk11bX k 11a 
where k11 = 
k 11d I Xk11cX T T Xk11dX k11c 
Similarly the other terms in equation (3.7) can be 
expanded so that the whole transformation process can be 
performed on sixteen 3x3 submatrices using just a 3x3 transformation 
matrix plus its transpose. This is, in fact, the method used 
in the program preseIlted here. A Simplified flowchart for the 
program is shown in Fig. 3.6. 
3.3 Program. 
In the program a procedure called TRANSFORM performs the 
necessary transformation from member to structure coordinates 
for each member matrix. Since the member axes are orthogonal 
to the structure axes the 3x3 transformation matrix will 
consist of either 0 or +1. This matrix is assembled depending 
on wnich axis the member's longitudinal axis lies. The member 
stiffness matrix is previously obtained from the r:.EMBER 
procedure. 
Having obtained the transformed member stiffness matrix, 
it is now required to assemble it into the structure stiffness 
matrix. This is done via the usual node number method. The 
numbering of the node ends of the member indicates the positions 
of the member submatrices in the structure stiffness matrix. 
Fig. 3.4 shows these positions for a member with node numbers 
i, j. However, it must be remembered that there are six nodal 
variables.1'herefore the actual position of the first element 
6N 
i j 
I I 
I 
I 
I 
I I 
i - ~--- ii - - - - ij 
I 
j - r- - - - ji - - - - jj 
Fig. 3.4 Positions ·of member submatrices in 
structure stiffness matrix. 
ZERO 
TERMS 
6N 
ZERO 
TERMS 
STORED 
MATRIX 
SYMMETRIC 
For N nodes the matri~ size is 6N x 6N. 
I"ig. 3.5 Banded Symmetric Structure Stiffness Matrix. 
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of ii (6x6) is 6x(i-1)+1 and so on for tr!e other elements. 
Since the structure stiffness matrix is symmetric and 
banded the actual stored matrix is far smaller than the whole 
stiffness matrix. 'I'he stored matrix is illustrated in Fig. 3.5, 
where the important variable becomes the half bandwidth which 
is dependent on the nodal conneotivity of the structure. In 
fact it depends on the greatest difference between the numbering 
of oonnected nodes. If the two nodes concerned are i and j 
then the half bandwidth is as follows.-
HEW = 6x( IMAX(i-j) I +1) (3.8) 
the six occurring because of the six nodal variables. It is well 
to note that careful numbering of a structure can produce an 
optimisation in size of the half bandwidth which controls the 
size of the stored matrix. 
In the program the assembling of transformed member 
stiffness matrices is performed by a procedure called STIFMAT 
which produces the required struoture stiffness matrix in the 
'STORED MATRIX' form. The resulting matrix is then triangularised 
using tile usual Gaussian elimination teohnique. 
Restrained variables, i.e. for fixed supports etc., are 
inoluded via adjustment to the structure stiffness matrix in 
STI}1~T. The appropriate diagonal element is multiplied by a 
large number so that its related variable becomes the dominating 
one. 
e.g. to restrain movement of %1 (i.e. fix %1= 0). 
If the first equation of the force/displacement relationship is 
a8 follows.-
+ 0, 
then 
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putting a1x1 multiplied by 10
20 givesl-
(3.10) 
where Therefore equation (3.10) 
approximates to 
20 10 a1x1 = 0 i.e. x1 = O. 
A similar procedure ia employed for other variables whiOh require 
restraining. 
For each load case the deflections are obtained via the 
usual backsubstitution operation on the triangularised ~trix. 
'-The member forces are output with respect to the member axes. 
In order to do this a procedure FORCE ia brought into action. 
This procedure will produce the end forces and moments of a 
member. Therefore, having obtained the global displacements, 
we require the member forces as followsl-
l
P
1m 
k11 k12 TT 0 d1s 
= 
P2m k21 k22 0 TT d2s (3.11) 
or more compactly, 
P = k AT d 
m a 
(3.12) 
Th~; input and output of the program is very basic and 
has not been developed for multi-user operation; member properties 
- area, inertia etc.- are input with each member. Loading is 
only applied at the nodes; distributed loading is not handled 
directly but of course this type of loading can be reduced to 
nodal loading only. The program has no specific units built 
into it so that in can be versatile; however, it must be 
remembered that all input quantities must be consistent. 
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START 
f 
lREAi~ARt~ I 
r 
laW MEMBERS AND ~ROPERTIES ETC. 
ISm. MNnWIJYi.H OF STRUCTURE STIFFNESS MATRIX ~~ ~ ~--.---------' 
~iKE A MEMBEIil 
t 
FORM MEMB~ STIFFNESS 
MATRIX 
t 
SFORM MEMBER MATRIX TO 
UC'I'URE COORDINATES 
- - - -
t 
-~ 
-
EMJ3LE MEMBER MATRIX D'l'O 
TRUCTURE STIlI'FNESS MATRIX 
t yee MEMBERS EXHAUSTED? "- TRIANGULARISE, 
--- ---- STRUCTURE ST.u & • ...,..,... 
no 
( AliE- LOAn--~SES EXHAUSTiD?-)>--........ -----
~---T ,ee 
I 
sTop 
MATRIX 
--------" 
SOLVE FOR AND 
OUTPUT MEMBER 
END FORCES 
Fig. ,.6 Flowchart for Rigid Orthogonal Skeletal Space Frame Analy~ie 
Pro6T8J!!. 
-
3.4 Example Illustrating the Use of Rigid Orthogonal Space 
Frame Program. 
A sim~le three-dimensional frame, consisting of column and 
beam e~ements, has been analysed using the program described 
in this section. No discussion on the results obtained from 
this example will be undertaken. Both input and output data 
are given. 
Example: Three-dimensional analysis of a table-like frame 
under various loadings. 
7,,-----------, 8 
6 
4 
2 
HI. 1 
Sketch of Frame Showing Joint Numbering. 
UNITS USED,- KN. lDIIlS All input/output in these units. 
1. INPUT DATA. 
(a) Material Constants - Young's Modulus (E) Shear Modulus (G) 
13.18 5.512 
(b) Parameters - Restraints Joints Members Load Cases 
24 8 8 4 
(c) Restraints 
-
Joint Type of Joint Type of 
Restraint Restraint 
1 1 2 1 
1 2 2 2 
1 3 2 3 
1 4 2 4 
1 5 2 5 
1 6 2 6 
3 1 4 1 
3 2 4 2 
3 3 4 3 
3 4 4 4 
3 5 4 5 
3 6 4 6 
(d) Member Properties 
-
Member Area IY 1Z J 
1 - 5 40000 1.33,.8 1.33108 2.66 .. 8 
2 - 6 40000 1.33,.8 1 .33..,8 2.66108 
3 - 1 40000 1.33108 1.33108 2.66, .. 8 
4 - 8 40000 1.33108 1.33108 2.66..8 
5 - 6 64000 5.46108 5.46108 1.092, .. 9 
5 - 1 64000 5.46'08 5.46 108 1.092'09 
6 - 8 64000 5.46 .. 8 5.46",8 ' 1.092'09 
1 - 8 64000 5.46 108 5.46108 1.092'09 
(e) Structure XC YC ZC 
Coordinates 
0 0 0 
6000 0 0 
0 6000 0 
6000 6000 0 
0 0 6000 
6000 0 6000 
0 6000 6000 
6000 6000 6000 
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(f) Load Ca.ee 1 * Loads 13 
Joint 
8 
5 
5 
5 
6 
6 
6 
1 
7 
1 
8 
8 
8 
(g) Load Ca.ee * 2 
-.- Loada 14 
Joint 
5 
5 
5 
6 
6 
6 
1 
1 
1 
8 
8 
8 
5 
7 
END OF INPUT DATA 
* 
Value 
-2 
-9000 
9000 
-9 
-9000 
-9000 
-9 
9000 
9000 
-9 
9000 
-9000 
-9 
Value 
-15000 
15000 
-15 
-15000 
-15000 
-15 
15000 
15000 
-15 
15000 
-15000 
-15 
5 
5 
Direction 
5 
1 
2 
6 
1 
2 
6 
1 
2 
6 
1 
2 
6 
Direction 
1 
2 
6 
1 
2 
6 
1 
2 
6 
1 
2 
6 
4 
4 
A load vector applied to joints 5, 6, 7, 8 is derived from 
1 the formulae given by Zienkiewicz for a uniformly distributed 
load between the stated joints. 
2. OUTPUT. 
( a) Resul ts of Load Case 1. 
(i) structure joint displacement. - All nodal displacements 
are given in TABLE '.1 where the deflections are in I11III8. 
(li) Member-end forces. - Me.ber forces are presented in 
TABLE 3.2 where the forces are in KNs and the moments 
in KNmm8. 
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TABLE 3.1. 
Joint ROT){ ROT! ROTZ XDIR YDIR ZDIR 
1 0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 
2 0.0000 0.0000 -0.0000 0.0000 -0.0000 -0.0000 
3 -0.0000 -0.0000 -0.0000 -0.0000 0.0000 -0.0000 
4 0.0000 0.0000 -0.0000 0.0000 -0.0000 -0.0000 
5 -0.0023 0.0024 -0.0008 -2.0758 -2.8714 -0.1028 
6 -0.0021 -0.0025 -0.0008 -2.0808 -8.1011 -0.1036 
7 0.0025 0.0025 -0.0008 2.0808 -2.8765 -0.0932 
8 0.0027 -0.0024 -0.0008 2.0158 -8.1129 -0.0923 
TABLE 3.2. 
Member MX1 MY1 MZ1 AX1 SY1 SZ1 
1 - 5 188.05 2012.32 2218.80 9.44 0.99 -0.93 
2 - 6 188.05 -814.61 3185.40 9.52 1.48 0.54 
3 - 1 188.25 814.61 -668.26 8.56 -0.48 -0.54 
4 - 8 188.25 -2012.32 840.20 8.48 0.01 0.93 
5 - 6 -149·15 5607.69 167.83 0.14 0.26 0.15 
5 - 7 -118.21 5110.35 -519.18 0.14 -0.19 0.29 
6 - 8 -118.21 4052.89 -519.18 1.74 -0.19 0.67 
7 - 8 -149.51 6496.78 110.11 0.14 0.26 -0.15 
Member MX2 MY2 MZ2 AX2 SY2 SZ2 
1 - 5 -188.05 3510.51 3680.49 -9.44 -0.99 0.93 
2 - 6 -188.05 -2384.95 5096.26 -9.52 -1.48 -0.54 
3 - 7 -188.25 2384.95 -2215.15 -8.56 0.48 0.54 
4 - 8 -188.25 -3510.57 -191.74 -8.48 -0.01 -0.93 
5 - 6 149.15 -6496.78 761.83 -0.14 -0.26 -0.15 
5 - 7 118.27 -6934.37 -581.86 -0.14 0.19 -0.29 
6 - 8 118.27 -8052.74 -581.86 -1.74 0.19 -0.67 
7 - 8 149.51 -5607.69 770.11 -0.74 -0.26 0.15 
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(b) Results of Load Caee 2. 
(i) Structure joint displacement. - All nodal displacements 
are given in TABLE 3.3 where the deflections are in mms 0 
(ii) Member-end forces. - Member forcee are presented in 
TABLE 3.4 where the foroes are in KNs and the moments 
in KNmms. 
TABLE 3.3. 
Joint ROTX ROT! ROTZ XDIR YDIR ZDIR 
1 0.0000 0.0000 -0.0000 0.0000 -0.0000 -0.0000 
2 0.0000 O~OOO -0.0000 0.0000 -0.0000 -0.0000 
3 -0.0000 0.0000 -0.0000 0.0000 0.0000 -0.0000 
4 -0.0000 0.0000 -0.0000 0.0000 0.0000 -0.0000 
5 -0.0040 0.0050 -0.0000 27.4650 0.0042 -0.1371 
6 -0.0040 -0.0031 -0.0000 27.4397 0.0042 -0.1894 
7 0.0040 0.0050 -0.0000 27.4650 -0.0042 -0.1371 
8 0.0040 -0.0031 -0.0000 27.4397 -0.0042 -0.1894 
TABLE ~.~. 
Member MX1 MY1 MZ1 AX1 SY1 SZ1 
1 - 5 0.00 -5341.51 2455.83 12.60 1.23 1.27 
2 - 6 0.00 -10248.82 2455.83 17.40 1.23 3.13 
3 - 7 0.00 -5341. 51 -2455.83 12.60 -1.23 1.21 
4 - 8 0.00 -10248.82 -2455.83 17.40 -1.23 3.13 
5 - 6 -0.00 11293.65 -0.00 3.73 -0.00 -2 .. 40 
5 - 7 -0.00 10087.06 0.00 1.23 0.00 -0.00 
6 - 8 -0.00 10087.06 0.00 1.23 0.00 0.00 
7 - 8 -0.00 17293.65 -0.00 3.73 -0.00 -2.40 
Member MX2 MY2 MZ2 AX2 SY2 SZ2 
1 - 5 -0.00 -2293.65 4912.94 -12.60 -1.23 -1.21 
2 - 6 -0.00 -12116.02 4912.94 -17.40 -1.23 -3.73 
3 - 1 -0.00 -2293.65 -4912.94 -12.60 1.23 -1.27 
4 - 8 -0.00 -12116.02 -4912.94 -17.40 1.23 -3.73 
5 - 6 0.00 -2883.98 -0.00 -3.73 0.00 2.40 
5 - 7 0.00 -10087.06 0.00 -1.23 -0.00 0.00 
6 - 8 0.00 -10087.06 0.00 -1.23 -0.00 -0.00 
7 - 8 0.00 -2883.98 -0.00 -3.73 0.00 2.40 
END OF OUTPUT 
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The total time taken for both load cases was 30 seconds 
and a total of 13k storage locatione were required, the program 
being run on an Elliot 4130 machine. 
The validity of results obtained from this program was 
examined by checking plane frame solutions using the 'Tee-beam' 
program and by comparison with known results including those 
from a test structure given by Majid & Williamaon2• 
3.5 References. 
1. O. C. Zienkiewicz 'The Finite Element Method in 
Engineering Science'. p 184, Table 10.3, McGraw Hill 
London 1971. 
2. K. I. Majid & M. Williamson - 'Linear Analysis of Complete 
structures by Computers'. Proceedings of I.C.E. Vol. 38, 
oct. 1967, 247-266. 
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4. USE OF FINITE ELEMENTS FOR SLAB STIFFmss REPRESENTATION. 
4.1 Introduetion. 
For completion of the multi-storey frame program, some method 
of floor analysis was required. The problem of introducing 
the structural effeot of floor slabs on the rest of the frame 
was to some extent quite easy, since various methods of slab 
solution were available.,Thus the problem was essentially 
one of choosing the mosj ~uitable of these methods. 
In order to make a decision it was well to be aware of 
the requirements of the frame analysis and also to bear in 
mind whioh slab solution would be the most advantageous in 
this respect. The frame analysis is based on an elastic stiffness 
matrix force/displacement method. 
The more well known methods of slab or thin plate analysi. 
are extensively documented. To summarise these a list of the 
most prominent ones is now presented together with comments 
on their suitability. 
1) British Standard empirical method for design 
1 purposes • 
Doe8 not yield a foroe/displaoement relationship 
as required. 
2) Yield Line Analysis2 ,3. 
It is not an elastic analysis and therefore not 
compatible with the frame analysis. 
3) Force/displacement relationships - elastic. 
Several techniques are available to provide 
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these relationships but the mathematical solution is an 
approximation of the theoretical equations. These equations 
in turn are not truly representative of material behaviour 
except under certain circumstances. 
One of the simplest methods of analysis for plate 
flexure is by means of a finite difference solution of the 
biharmonic equation. More sophisticated and extensive procedures 
have been developed, for example the finite element and 
localised Ritz teChniques1, 8. Other methods, including model 
analysis and beam anal~, are further possibilities. 
It is quite eVident that one of this last group would be 
most oonsistent with the stiffness equations of the frame and 
it seems logical to choose the most accurate of the methods 
and the most attractive to the main program. This is obviously 
the finite element teohnique which would provide an elastio 
solution in the form of force/displacement relationships 
resulting in the use of the usual stiffness matrix type of 
equatior~. Not only would the method provide the flexural mode 
but also that for shear i.e. the plane stress case. 
4.2 Plate Flexure. 
A rectangular finite element, illustrated in Fig. 4. 1 , is used 
to establish the stiffness matrix for plate bending. This element 
shape is chosen since it is the easiest to handle and also 
because it fits well with the orthogonal nature of the space frame. 
The full mathematical derivation of the finite element 
matrix will not be presented here since an extensive coverage of 
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Fig. 4.1. 
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(a). Rectangular finite element. 
Element axes (b) and structure axes (e). 
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this is given by Zienkiewicz4. However, the basic concepts and 
relationships will be stated so as to give the reader the 
necessary information to understand how the element is used 
in the frame program. 
The element derivation is based on classical plate theory 
and therefore is subject to the sarne limitations i.e. thin 
plates and small defleotions to ensure linear variation of 
stresses and strains on lines normal to the plane of the plate. 
It is known that the state of strain of the plate can be 
oompletely described by one variable, this being w, the lateral 
displacement of the 'middle plane' of the plate. A shape function 
- a polynomial defining w - is chosen so that continuity of w 
along boundaries is ensured. However, the slope of w across 
boundaries is not continuous, the funotion being a 'non-conforming' 
one 
For a full discussion an oonforming and non-oonforming shape 
functions the reader is again referred to Zienkiewicz. 
The polynomial is chosen with twelve unknown parameters 
since the element possesses twelve degrees of freedom. This is 
illustrated by the three displacements per node as shown in 
Fig. 4.1. 
~le element displacement vector is of the form 
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(4. 1) 
where di = wi i = W I I 
e
xi -dw/dy\ I 
9Yi dW/dxl i (4.3) 
The unknown parameters are evaluated using the nodal 
displacements and substituting in the nodal coordinates for the 
x and y where appropriate. For example, for node i in Fig. 4.1, 
Wi = a 1 
-dw/dYi = 9xi = -a, 
-.... g 
,yi - a2 etc. 
For the whole element, 12 equations are obtained, which can be 
expressed asl-
where 
t t 
M 
x 
d = C a 
1 
middle 
plane 
Fig. 4.2 Bending moments on finite element. 
t plate thickness. 
~ - moment per unit length in x direction. 
M moment per unit y length iny direction. 
M twisting moment per unit length. 
x.y 
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The element moment vector is as follows:-
.,. 
M= I Mi M. 1v1c A11 (4.5) J 
where M. = 1M 
1 I x 
1M I y 
I Mxy i for node i. 
These moments are related to the element curvaturee or strains in the 
usual way, 
i.e. + 
D is the flexural rigidity. 
x 
2 ) v d w 
dy2 etc. 
Thus arranging in the more compact matrix form, we have 
1.1 = D.~ 
where ~ = _d2w/dx2 
_iw/dy2 
2d2w/dxdy 
D is the elasticity matrix. 
the strain vector 
(4.6) 
(4.7) 
'T'he program was restricted to isotropic slabs and therefore in 
this case the elasticity matrix will be 
D = 1 o 
1 o 
o o (1-;)/2 
E Young's ),Iodulus, ~ Poisson's Ratio. 
The strain matrix C2~ also be expressed in terms of the nodal 
displacements in matrix form as follows:-
-1 ] = Q.a = Q.C d 
(4.8) 
Therefo:::-e deriving the finite element matrix in the usual way by 
equating internal and external work, the expression for the stiffness 
matrix is obtained 
k = (4.10) 
where the force/displacement relationship is the usual fbrm F • k.d 
and the internal moments are given by 
M = k' d 
where I 0-1 k = D.Q. 
The explicit form of these matrices, k and kl, are given by 
ZienkieWicz4• 
4.3 Plate shear - Plane stress. 
In order to be consistent with the flexural element, the plane 
stress element was also made rectangular. The usual shape for this 
element is triangular since it provides a more flexible element to use 
for irregular shaped slabs. However, the rectangular element does have 
the advantage that because of the increase in degrees of freedom 
compared to the triangular one, a more accurate representation of the 
varying stress field is possible. 
The state of displacement of a plate can be specified by two 
quantities, namely, u and v, the deflection in the x and y direction 
respectively. These deflections are illustrated in Fig. 4.,. Thus the 
shape functions were chosen as follows:-
u = a1 + a2x + a3y + a4xy• 
v = a5 + a6x + a7y + aaXY' 
so that the strains in the plate 
would be linear functions of x and y. The procedure for determining 
the stiffness matrix is similar to that used for the previous element. 
The evaluation of the unknown parameters is understood as 
a = 0-1 d (4.14 ) 
where a = I a, a2 a3 a4 a5 a6 a7 aal T 
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y (v) 
a 
• • 
k -----------,1 
i 
I 
, 
b 
I . 
j J 
.--------.!....-..:.--- X (u) 
Fig. 4. ~ Plane stress finite element 
and d ::: 
with axes and displacements. 
where 
v. 
1 
The strains in the element are specified as follows:-
E = E y where ~ is the strain vector and 
1!: du/dx 
x 
E ::: dv/dy y 
E (du/dy + dV/dx) 
This strain vector can be rewritten in terms of the unknown parameters 
a. where 
1 ~ == Q.a (4. 15) 
and using equation (4. 14) the previous equation can be expressed in 
terms of the nodal deflections d. 
(4-16) 
As with the flexural element it is possible to express the internal 
stresses of the element in terms of its state of strain. 
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i.e. 
Is 1 
x 
S = E ~ y 1- ~'2. 
S 0 
xy 
S ,S are the direct stressee. 
x y 
S is the shear stress. 
xy 
~ 0 E 
x 
1 0 E 
Y 
0 (1-\)/2 E 
xy 
~ is Poisson's ratio and E ie Young's modulus. 
or in more compact matrix form. 
where D is the elasticity matrix. 
(4.17) 
(4.18) 
Now by equating internal and external work the required 
stiffness matrix is obtained as 
(4.19) 
The explicit form of this matrix is reasonably easy to obtain 
and it is given by Jenkins 9 • 
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4.4 t.Xa.mples and Hesults Illustrating the Use of Finite Elements. 
'lhis brief description of the type of information available 
by utilisati~n of the finite elements previously described is not 
intended to be a thorough expos~ on the merits of the finite 
element technique for thin plate analysis. Its purpose is to 
illustrate the properties of the two ele'l.ents discussed, to give 
an example of the kind of information which is available and 
also to give some illsight into the accuracy and convergence of 
results with respect to the mesh size of the elements. For a 
detailed de8criptioIl of finite element applications the reader 
is referred to references 4 and 6 where the subject is covered 
extensivety. 'l'he examples given here are for the analysis of a 
square plate for both flexure and plane stress. Additional 
results are given to demonstrate accuracy and convergence • 
.Plate flexure. 
1>'ig. 4.4 shows the displacements of a square plate loaded 
for bending. '!'he rel'lul ts were obtained via a 6x6 finite element 
analysis using the element described in 4.2. The numerical 
output form of the results is illustrated together with a 
contour plot uerived from just one set of nodal displacements, 
namely the vertical deflection w. 
'1'he internal bending moments for the same plate as described 
above are displayed in r'ig. 4.5. and are derived from the same 
analysis. 'l'he cont(J1ll" plot shown is for the bending moment 
per Wli t leri,'th along the X-axis, M • 'I'he stre8S is highly 
x 
concelltraten around the corners at which the plate is fixed. 
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Insufficient information is available from the analysis to plot 
this area. Por more detailed illformation a finer mesh pattern 
would be necessary. 
Plane ,stress. 
(rhe example given in Fig. 4.6. shows an alternative 
representati.on of V·,e re:ml.ts ')htaineu. 1'01: eleT:lfmt forces. !"or 
this plane stress case, the principal stresses and their lines 
of action have been ploted instead of the directly calc~lated 
stresses orientated with the element axis. Note how the stress 
distribution tends to uniformity towards the centre of the plate. 
;,ccurn.cy aJld l~onvergence. 
1<'ig. 4.7. compares the resul ts for the internal bending 
moments in a plate obtained from an analysis using the finite 
element as described in 4.2. with those obtained via a finite 
difference formulation similar to that of Salonen5• It should 
be noted that close agTeement in results is in evidence. 
Fig. 4.8. demonstrates the effects of mesh density on the 
resuJ ts from a fi~1ite element W1a!Jsio for the vertical 
displacement across a dia~onal of a square plate which is loaded 
uniformly and fixed rigidly at each corner. It Crol be seen that 
even for a relatively small number of elements reasonable 
agreement with more detailed results will be forthcominu. 
Also jt is useful to n,)tice tle conver~ence of the central 
deflection with respect to the mesh size. 
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TABLE 4.1 Central deflection of a square plate clamped 
on all sides and loaded uniformly. 
Element Mesh 
2 x 2 
4 x 4 
6 x 6 
8 x 8 
16 x 16 
Central Deflection Q. 
Exact (Timoshenko) 
1.48 
1.41 
1.34 
1.30 
1.28 
1.26 
A rectangular finite element was used throughout. 
Actual deflection = (6qL4/D) x 10-3. 
where is from TABLE 4.1 above. 
q is uniformly distributed load. 
L is length of side of plate. 
D is flexural rigidity. 
The results given in TABLE 4.1 illustrate the convergence of 
the finite element results and give an illustration of their 
accuracy by comparison with the known result for this case, 
derived by Timoshenko10 • 
The examples on convergence and accuracy are by no means 
proof of the technique but merely demonstrations of its 
properties. For further information on convergence and accuracy 
the reader is refered ab~in to more detailed accounts as 
given in the references. 
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5. RIGID ORTHOGONAL SPACE FRAME WITH FLOOR DECKS. 
5.1 Introduction. 
The aim of this program is to produce an elastic analysis 
for a multi-storey space frame whose floors are considered as 
slab decks. It is obviously an extension of the skeletal program 
of section 3, but now it is required to introduce into the 
program the slab matrices described in section 4. However, 
the problem still consists of forming and solving the structure 
stiffness matrix. 
The problem is, in the final outcome, identical to that 
of the skeletal case i.e. to obtain a structure stiffness matrix, 
however, the method of reaohing that final state is not the 
same. Because of the increased scope of the program a large 
increase in the size of this matrix is produoed resulting in 
increased demand for computer storage. Therefore to follow the 
same approach as in section 3 results in an excessive demand 
for backing store and a high degree of data transfer to and 
from the backing store during run time. 
Thus it would seem that a reduction in the size of the 
final structure stiffness matrix would benefit the solution of 
the problem. This program attempts to do this using a 'variable' 
elimination technique so that the actual working matrices are 
kept to a manageable size and that data transfers are kept to a 
minimum. The following section describes the method of solution 
in detail. 
The first subsection outlines the basic flow of the solution 
-78-
process and is followed by a discussion of the effects of the 
computer and systems available upon this solution. Then a full 
description of the program with illustrative flowcharts is 
presented and finally some examples are given to demonstrate 
the use and versatility of the developed program - DECK1 
5.2 Method of solution. 
A solution for the elastic analysis of an orthogonal frame 
structure with floor decks is obtained from a stiffness matrix 
analysis. However, with the complexity of the problem, a direct 
solution process is impracticable and therefore it is reduced to 
several smaller stages. 
Basically floor stiffness matrices are formed independently 
for a set mesh pattern and the resulting matrix is reduced to 
involve only the column/floor interacting nodes. This is done for 
both the flexural and the plane stress cases independently of 
each other. These 'condensed' floor matrices and veotors are 
then stored for future use. 
The structure matrix is formed for only two floors at a 
time, starting with the ground floor, and the appropriate 'condensed' 
floor matrices are added where required. This 'part-structure' 
matrix is then also 'condensed' so that it refers only to the 
higher floor level of the two. Resulting matrices are again 
stored ready for a back-substitution process. 
The floor above is then added to the 'condensed' structure 
matrix and the process repeated until the final floor level is 
reached, when a full solution is obtained by a 'cascading' 
-19-
Initialisation of 
program variables 
CODdenaa tion of 
floor -.trioes 
structure assemblY 
structure displacement solution 
Floor displacement solution 
Solution of floor internal forces 
Solution of oolumn forces 
:rig. 5.1 Diagram outliniDg flow prooess for the 
DlOOld proF!!l. 
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back-substitution process. 
Slab-supporting beams are accounted for by inclusion in 
the appropriate floor matrix. The whole process is illustrated in 
table form in Fig. 5.1. 
5.3 Computational problems. 
The choice of the method of solution for a framed structure 
incorporating a slab deck will itself ineVitably lead to 
computational problems. The problems arising in this case reduce 
to three major ones. These are, Dot in any order of difficulty, 
as follows:-
(i) Continuity between slab/beam connections. 
(ii) Finite element mesh placing. 
(iii) The in-plane rotational stiffness of the slab. 
The first and second are directly related and the solution 
adopted for (ii) removes problem (i). Therefore problem (ii) 
is dealt with first. 
The placing of rectangular finite elements on a floor deck 
is open to a certain amount of choice and several possibilities 
were considered. It was thought that it may have been feasible to 
assume that all oolumns formed a regular rectangular pattern on a 
floor deck as in Fig. 5.2. In this case a mesh pattern could be 
fixed with all elements identical and element size related to 
dimensions 'a' and 'b'. This would allow the automatic setting 
up of the finite element pattern but would create two rather 
serious restrictions. It would restriot the column placing so 
that only rectangular patterns could be used and it would prevent 
-81-
.x. x 
1 
x J... 
i 
1 I x ~. -x 4~ J , I b I 1 J J... 'T 
" 
• • 
a 
Pi •• :. :2. 2 lte,·~ular column nattern on a floor. 
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Fig. 5.3 Irregular column pattern. 
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Fi.S. 5.4 An exa:1ple finite element pattern for 
the colulim layout in Fig. 5.3. 
o element mesh node X colwnn coincident mesh node. 
i j k 1 
x=-==::::Qi~-~:::::(;-j~-~~r 
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, 
Fig. 5.5 Beam member and its corresponding 
beam elements. 
o finite element mesh node. 
X column coincident mesh node. 
beam member. 
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any flexibility in the use of finite elements over the deck area. 
For example it could not handle the oolumn placinga given on the 
deck area illustrated in Fig. 5.3. 
Therefore, in order to remove the restrictions, it was 
decided to allow all the floor elements to be defined by the 
user with one restriction - that all columna on the floor must 
be coincident with nodes of the finite element floor mesh. Then 
it would be possible to fit a finite element pattern to the 
floor area shown in Fig 5.3 and one example is given in Fig. 5.4. 
The provision for a ohoice of finite elements now allows 
for the inclusion of a finer mesh where greater variation of 
results is expected. Fig. 5.4 gives an illustration of a graded 
mesh paitern. 
Once the method of defining the mesh pattern for the 
floor was decided, the problem of accounting for compatibility 
at the slab/beam interface was easily overcome. It was done by 
incorporating the beam matrices into the floor matrix and 
maintaining compatibility at mesh points coinoident with the 
beam between column supports i.e. a beam member between column 
supports i,l can be assembled into the floor matrix as beam 
elements i-j, j-k and k-l, as illustrated in Fig. 5.5. 
The third problem, that of the in-plane rotational 
stiffness of a slab, is not so much a oomputational problem 
as a theoretical one. It will be apparent from section 4 that 
the plate elements described do not refer to this variable. At 
present there is no well tried way available for the 
incorporation of this parameter. 
A plane stress finite element analysis using this extra 
-84-
parameter, i.e. e , at nodal points may lead to a possible 
z 
solution but as yet no formulation of a suitable shape function 
has been forthcoming. Another possible approach could be the 
instigation of a deep beam analogy; however, it is more usual 
to overcome the problem by a computational technique, where 
the plate appears perfectly rigid with respect to this in-plane 
variable. Here usually torsional effect~ on a structure become 
invalid due to the fact tbat the rigid plate doee not transmit 
torsional forces to other elements. 
For this program an investigation into these possible 
theoretical solutions for the rotational problem were 
examined but none proved satisfaotory and therefore, in order 
to maintain compatibility between struotural elements, a direct 
stiffness coeffioient system was produoed. This has the effect 
of making the plate perfectly rigid to in-plane rotation but 
does allow for any rigid-body torsional effects to be 
transmitted to the columns. 
5.4 Floor assembly. 
In the DECK1 program each floor is assembled independently, 
and for each one two types of stiffness matrix are set up. The 
first is a flexural matrix and the other a plane stress matrix 
- both constructed with the use of finite elements as reported 
in section 4. These floor matrices are formed in preparation 
for a/condensation' prooess which will create a reduced matrix 
relating variables that only refer to floor/column coincident 
nodes. 
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In a simple finite element slab analysis a sequential 
numbering system for the mesh permits an optimum bandwidth 
solution of the resulting matrix. Unfortunately when condensing 
a matrix, where sequential mesh numbering has been adopted, 
the seqtence is such that usually the optimum bandwidth ie lost 
because nodes that were previously oonnected to each other via 
other nodes are now direotly connected. The form of the matrix 
required for oondensation is as followsl-
for the usual stiffness relationship 
K • d = P (5.1) 
~ 
where K is the stiffness matrix, 
d is the displaoement vector 
~d P is the load vector. 
Then if variablee r 1 are to be removed from d by oondensation 
~d r 2 retained then the equation (5.1) is required in the 
form et 
k21 
I 
• 
For further discussion on the numerical process of condensation 
the reader is referred to the 'Tee-beam' report of seotion 2. 
Examples for the numbering of floor meshes with interacting 
columns will show that the retained nodes will occur randomly 
and can only be made to appear in the appropriate positions 
by an improvised numbering soheme. However, when this is done, 
the optimum bandwidth, which was so valuable with respect to 
storage, is lost. Yet, if condensation is not employed, it 
would be necessary to add the complete floor matrix into the 
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struct~ matrix. Thus there are advantages and disadvantagee 
in this approach but with respect to this problem as a whole 
the gains are greater. 
The floor matrix is held in a one-dimensional array which 
corresponds to the upper triangular part of the stiffness matrix 
for the floor. It is assembled element by element with column-
interacting nodes located in the oorrect positions for 
condensation. These positions are obtained via the specification 
of the interacting nodes as such at the input stage. The matrix, 
when complete, is condensed and the resulting matrix and load 
veotor are stored on disc. All floore are treated similarly 
before the program movee on to the next stage. Floors are classed 
as 'types' and only different types are formed so that identical 
floors need not be handled more than once. The condensation 
is applied to both the flexural and plane stress cases where 
the only difference between the two is the finite element 
used. 
The loading for each floor is confined to a uniformly 
distributed load for the flexural case and point loading at 
mesh nodes for the in-plane stress case. ~Urther expansion to 
cover greater variety in loading would not prove too difficult. 
A flowchart for the floor assembly of a particular 'type' up 
to the point of storing the condensed matrices is given in Fig.5.6. 
5.5 S,.pporting-beam assembly. 
The inclusion of beams into the analysis produced the need 
for continuity between elab/beam interface. Ordinarily the beams 
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Fig. 5.6 Flowchart for floor assembly. 
( Used,for both flexural and shear assembly. ) 
* via procedure ORDER. 
'. 
: . 
form finite element 
stiffness matrix 
( flexural or shear ) 
set mesh 
lengths 
assemble finite locate floor 
element stiffness positions for 
matrix into ~----------~------~ element 
floor matrix nodes 
.. 
form load 
vector 
I for beams apply condense floor 
I Addbeam .. matrix to 
r------.----~ column coincident 
I for shear loadin~ mesh noJes 
I -Sb.eaJ::l cad.!.. __ . 
Fig. 5.6 cont. Flowchart for floor as~embly. 
( Used for both flexural and shear assembly. ) 
.. These procedures are used whenever applicable. 
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would be handled in a similar fashion as the column members 
as in the skeletal frame program and assembled directly into 
the structure stiffness matrix. However, if this is done here 
continuity between slab and beam will only be maintained at 
beam ends. Therefore, since the floors are assembled independently 
of the u.ain structure matrix, it was decided that supporting-
beams should be incorporated into the floor matrices. 
As two floor modes (flexural and shear) are used there 
is a need for the two compatible supporting-beam matrices. The 
supporting-beams are input as members identical to that for 
" columns and are located via structure nodes e.g. beam i - j 
runs between structure nodes i and j. The program determines 
the beam members, locates the floor mesh points corresponding 
to the member ends and then calculates all the interspacing 
mesh points along the length of the beam. It then forms a 
stiffness matrix of the required type for each element length 
of the beam,run and assembles it into the floor matrix, beam 
1 2 
matrices being constructed using the factored form ' • 
The beam assembly is computed via one procedure called 
'ADDBEAM' which, for a given floor and floor mode, assembles 
all beam effects on that floor and of that mode into the 
appropri~te matrix. This procedure is positioned in the flow-
chart for the floor assembly given in Fig. 5.6. A flowchart 
for the Addbeam procedure is shown in Fig. 5.7. It has been 
designed as a multi-purpose routine and its further uses 
will be explained later in this section as they occur. 
-90-
8 
1 
tuke a 
member 
locate beam mesh 
nodes along full 
length of beam 
take an 
element of 
hf'am mf' lber 
,yes 
is member 
a beam? 
yes 
is beam 
on current 
floor? 
form beam 
element 
stiffness matrix 
r solve for 
no 
no 
* 
assemble 
into floor 
matrix 
t beam element 
I ~ forces 
no 
no 
are elements 
exhausted? 
yes 
are members 
exhausted? 
)_y_e_s--,._-0: 
Fig. ~.7 Flowchart for ALDBEAM orocedure • 
* Alternative operation used for solution of beam forces. 
5.6 structure assembly. 
The obvious approach at this stage would be to construct the 
struoture stiffness matrix based on the column nodes; however, 
here further use of the variable elimination technique was 
undertaken. It was decided to construct what can best be 
described as a 'part-structure' matrix. It is in size equivalent 
to the matrix for structure nodes for two floors only. The 
difference is that one part is a oondenSed matrix for the 
structure below the current level, related to nodes one floor 
below this c~nt level. The other part is that section of 
the structure stiffness matrix related to the current level. 
Thus the part-structure matrix is capable of holding 
two current floors and is changed progressively floor by floor 
until the top level is reached. This process is shown diagram-
atically in Fig. 5.8. After condensation, matrices are 
written to disc, being held in readiness for a back-substitution 
process. This process travels in the opposite direction to 
the assembly i.e. it cascades down through the floors. 
It is evident that in order to reduce working space the 
storage space required has been increased. However, this 
increase is not substantial, with the advantage that no 
operations are performed on matrices whilst they are in store. 
Compared to methods using one large, stored, stiffness matrix, 
where transfers trom store to working space are great, this 
program's approach proves more effioient. 
The structure assembly process is straightforward once 
all the floor matrices and vectors have been stored on disc in 
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-2 
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'y 
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2 
1 
ground 
floor. 
typical 
structure. 
1 st. s ta,:;'e -
Initialise 'part-st_~cture ~atrix'. 
bTound 
1st 
Irs I. IRg 1 
Ir1 k1 
Now after condensation and adjustment the 
second floor is ad~cd. 
2nd. staB'e -
Therefore Gen~rally equations are of the form -
i+1 stace -
g+1 •• +i 
until the nth floor is reached-
th 
n stage-
g ..• +n-1 
i+1 
th 
n 
r' 
n-1 = 
r 
n 
H' 
n-1 
R 
n 
Fig. 5.8 Illustration of 'Part-Structure Patrix' Assembly. 
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their condensed form. The flowchart given in Fig. 5.10 shows 
the loop process undertaken for each floor. The cycle consists 
of assembling the current floor matrices, both flexural and 
shear types, and their interconnecting column stiffnesses 
from the floor below. It also accounts for any prescribed 
nodal restraints on that floor and fills the load vector where 
appropriate. Next condensation and storage stages are required, 
following which the 'part-structure' matrix is re-structured 
in preparation for the next floor cyole. The re-structuring is 
explained diagramatically in Fig. 5.9. 
The assimilation of the condensed floor matrices, stored 
on disc in readiness, into the 'part-structure' matrix is 
undertaken via the implementation of a procedure called FLASSEM 
which locates the positions in the matrix for both the flexural 
and shear cases. The program uses internal procedures for the 
transfer of matrices to and from disc. 
Column members for the lift between the floor levels 
under construction are assembled via the procedure ADDCOL 
which generates member stiffness matrices for the columns and 
places them into the 'part-etructure ' matrix where required. 
The condensation is performed by a general elimination 
prooedure used throughout the program. It condenses the 'part-
structure' matrix to an internally determined depth, eo that 
the current sub-structure stiffness is concentrated on only 
the current floor's nodal variables. After oondensation, the 
'part-structure' matrix is 'adjusted' and the re-cycle begins. 
The re-cycling is stopped after the ~sembly of the last 
floor and before any condensation is implemented. At this 
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Fie. 5.9 DiayTams showin,7 mi""ctrix structure <11 justmcnts 
necessary for the re-cyc1ing process. 
Before the condensation stage in the structure assemlll y 
the equations concerning the 'part-structure matrix' have the 
form as fo110ws:-
J j 
A r 
the 'part-structure matrix' is then condensed arriving at 
~' J' j 
... ~~ j' R. , = J 
rl R , 
r 
Now for the recycle the condensed matrix A' has to be placed 
in a new position so that the next floor can be accommocatect. 
i.e. equations take the following form:-
r' 
= 
s 
next floor's matrices accommodated 
here. 
Note. 
In the ctructllre assembly each floor i.s llssu;::e::l to occupy half 
tiJtl si;;e of the 'part-ctructLlre matrix' i. e. A' is the same size 
as A • However th is is not always true e. c. where 11 chani.:e in 
s 
floor ratttJrn occurc. In or·}.::r to aCcoLmt for this occurrence 
a proct:dure ::.h.fr~.:.r2 is instigated to take account of this difference 
in si'_'c. 
start 
initialise arrays 
for floor and zero 
, part-structure' r-------~------~ 
matrix arrays 
read condensed 
flexural matrix 
and load vector 
for floor type 
1:I"nm rli i.e. 
se t fl'oor type 
for current 
r-------~------~ level 
.. 
read condensed 
assemble 
shear matrix and 
rna trix in to 1-----------1 load vector for 
'part-structur ' floor type from 
matrix J ~Cl 
add columns 
for lift below~ ____ -. ______ -; 
current level 
. 
assemble matrix 
into 
'part-structure' 
matrix 
• 
apply restrainl'-s 
for current 
floor level 
~rite residue , • adjust 'part-
!rna tr ix and s truc ture ' 
~ector to disc ~ matrix for 
apply loads 
for current 
floor 
level 
r-----~--~.~ 
adjust 'part-
structure' 
matrix for 
varying floor 
!,"'''''C".LU 
condense 'part 
structure' 
matr1x 
no 
are floors 
exhausted? 
next cycle 
., 
yes 
Fig. 5.10 Flowchart for structure assembly. 
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to solutio 
process J 
stage the solution for structure displacements begins. 
5.1 Solution for structure deformations. 
The solution for the total structure displacements is 
undertaken in two parts. Initially the solution for the deformations 
of the structure nodes is determined via the back-eubstitution 
process mentioned in the previous subsection. When the final 
floor has been assembled into the 'part-structure' matrix, 
instead of the condensation, a full nodal displacement solution 
. 
for the top two levele is obtained. At this point the stored 
matrices are retrieved from disc and having the solved 
displacements a back-substitution will enable the calculation 
of the next lower floor's displacements. The back-substitution 
can be shown algebraioally as followsl-
for a 'part-structure' system K.d = P 
or 
k11 k12 d1 P1 
= 
k21 ~2 d2 P2 (5.3) 
cf (5. 1) 
Now d2 is known and the matrix stored on disc corresponding 
to gives an equation of the forml-
= 
where Q is Null Matrix. 
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full 
elimination 
of 2 
, PSM ' 
store calculated 
displacements in 
total 
displacements 
vector. 
are 
exhausted? 
yes 
no 
back-
sUbstitution 
output 
calculated 
, displacements 
take next 
lower floor 
read required 
matrices from 
disc. 
set known 
displacements 
ready for 
backsubstitution. 
FiK. ,.11 Flowchart for solution of structure disnlacements. 
1 From assembly section. 2 'Part-structure matrix'. 
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This oan now be solved for d1 by a simple baok-substitution. 
Thus taking each matrix in turn from disc it is possible to 
travel down the structure solving for displacements floor 
by floor, and the flowchart for this part of the DECK1 
program is given in Fig. 5.11. 
Internal floor displacements. 
The interl~l floor displacements (i.e. those displacements 
associated with mesh points not coincident with structure nodes) 
are derived by re-constituting the appropriate floor matrix 
and performing a back-substitution utilizing known displacements 
at the points of column interaction. The flowchart for this 
segment is similar to that for the floor assembly (Fig. 5.6) 
but with certain changes as followsl-
(i) The insertion of known displacements - via 
procedure RESIN2. 
(ii) A full solution for the floor i.e. a complete 
elimination followed by a back-substitution. 
(iii) The output of floor displacements - via 
prooedure DISPLAY2 - replacing the writing to 
disc stage. 
As with the floor assembly, this section is undertaken 
in two parts - i.e. a flexural and plane stress case. Known 
mesh displacements, obtained from the structure solution, are 
added to the floor displacement vector allowing the condensation 
to be taken to a full solution. 
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5.8 Solution for member and element forcee. 
The force components calculated by the program comprise of the 
member end forces for columna and beam ~llements and the internal 
bending moments of each floor. It does not, as yet, produce 
the stresses associated with the in-plane loading on a floor. 
The member end forces for column8 are calculated in a 
similar fashion to that described in section 3 - 'Orthogonal 
Space Frame Program'. Since the supporting beam effects are 
built ~~to the floor matrix from meeh point to mesh point, 
the force output is given for eaoh element of a supporting 
beam. The procedure 'Addbeam' performs all the operations 
necessary to calculate these forcee. As explained earlier in 
this section this is a multi-purpose procedure, which, besides 
handling the supporting beam assembly. also handles the production 
of supporting bea.m forces. The flowchart is similar to that 
given in Fig. 5.7. The only difference is that instead of 
constructing the floor matrix, each element stiffness matrix 
is used to calculate element forces. The procedure is used twice, 
once to obtain flexural forces and then again for shear forces. 
The method of calculation of floor element forces is 
that described in section 4. The forces determined are the 
usual bending and twistil~ moments per unit length related 
to the element axes Le. M , M ,M - the usual notation 
x y xy 
for these forces. The prinCipal moments are easily deduced 
from th~se b~sic moments. For a full explanation and discussion 
of this topic and its reference to the design of rQinforcement 
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the reader ie referred to the User !~ual and Report of the 
Ministry of Transport - 'MOT/CIRIA Finite Element Package 
for the Analysis of Reinforced Concrete Slab Bridge Decks3,. 
The floor element and supporting beam forces are 
determined as each floor's displacements become available. 
However, the colwnn member-end forces are not calculated 
until the program has completed the solution for all floor8 
and they ocour as the concluding operations of the program. 
5.9 Systems Usage. 
With a program of this nature, it is apparent that a certain 
amount of dependence on the systems used in development is 
inevitable. It would be advantageous to be able to run the 
program on various machines but in reality this is usually 
impracticable due to this built-in dependence on the original 
system used. 
The program, DECK1, although using general principles 
for its solution of the structural problem, does have these 
built-in deficiencies. However, instead of suffering this 
hindrance passively, it was decided to make the best use of 
what was at hand. 
The program was developed on an ICL Elliot 4130 machine 
which was operated on a batch process system. The total core 
etore of the computer was 96k, but for general use it was 
usual for the maximum avail~ble to be 64k. Backing store was 
available in the form of either disc or m&b~etic tape and under 
systems usage disc workfiles were also available. There were 
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five files in all giving a total of 175k, without the need of 
initialising an independent tape or disc, since the workfiles 
existed on the systems disc. 
For the purposes of the DECK1 program it wae decided not 
to create backing store from new disc or tape units but to 
utilize the workspace on the systems disc. The store available 
is quite considerable but does fall a long way short of that 
whioh oould have been obtained from other sources. Tape or disc 
backing store is usually best utilised for data storage between 
program usage and not as in this case used 8.8 data storage 
during run time. The working arrays are kept to a useable siz. 
in keeping with the available oore store and by utilizing 
workfiles data transfers are kept to a minimum. 
It is apparent that the built-in deficiencies of this 
program revolve around the backing store system employed and 
to make the program compatible for other machines it is this 
process which would need to be adapted. The program is written 
in'4100 ALGOL' which is almost the same 8.8 ALGOL 60 but with 
the modifications of the 4100 system. 
5.10 ?rogram Implementatation. 
The program will only handle one set of loading data per run 
due to the complexity of operations which the loading vectors 
undergo. All loadings are applied nodally and are restricted 
to the followinga-
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(1) Structure loading. 
Point load or moment applied in any of the 
structure axes directions - M , M , M , P , P , P • 
x Y z x Y z 
(2) Floor loading. 
* Uniformly distributed vertical load - U • 
In-plane point loads in element axes directions 
- F , F • 
x Y 
* Converted internally to nodal loading at mesh points 
on the floor deck. 
No capacity for moments to be applied on the floor area 
has yet 6een included. 
The loading system has purposely been kept simple, 
designed only to provide a system which allows easy use of the 
program. A sophisticated loading system with a full syntax check, 
4B wae used for the Tee-beam program, which wn~ described in 
section 2, could be added. 
All loads applied to the struoture, as in (1) above, 
are processed by a procedure called ADDLOAD which handles these 
loadings floor by floor as they are required. The other loadings 
are more complex. Instead of the input of loads for all floors, 
it is only necessary to supply loads for different 'types' of 
floor. (The term TYPE is as defined earlier in this section.) 
Therefore the UDL and shear loads for the floors are input for 
the number of types rather than the number of floors. The 
uniformly distributed loading is processed internally by the 
floor assembly section. Due to the regeneration of floor matrices 
later in the program it is necessary to store both the UDL and 
shear loadings. The UDL is easy to store as there is only one 
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parameter per floor type. However, the shear loads are more 
oomplex and are handled by a prooedure SHEARLOAD whioh applies 
the loads when required. 
Mode of Nodal Restraint. 
The basic method of restraining variables is used here i.e. 
making one node appear fixed by adjustment to its direct 
stiffness coeffioient. It is possible to restrain any of the 
struoture nodes in this way. Each node can be restrained from 
movement for each degree of freedom. The whole prooess is 
handled by ADDREST which stores the restraints as input and 
enforces them as required. There is a possible maximum of 6 
restraints per node - 3 defleotions and 3 rotations. 
An addition to the program has made it possible to 
restrain a floor deck not only at struoture nodes, but also 
at any floor mesh node. Therefore a built-in edge oould be 
approximated by restraining all the neoessary edge mesh nodes. 
The parameter MAXLINX speoifies the maximum number of restraints 
on any floor and each floor's quota is supplied later in the 
input. A prooedure called FLOFIX implements the floor restraints 
for both the flexural and shear modes. 
The program has not been written to operate in any 
specified units - thus allowing ohoice of units to the user. 
However, certain drawbacks are inevitable when this is done. 
It is necessary that the user must be consistent in the use 
of units throughout the input and expeot the output to be in 
compatible units. Also it is necessary to be wise in the 
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ohoice of such lUli ts because the specified output format 
may not be capable of printing results in the desired form. 
Units are required for the input of quantities such as 
force, length etc. and the following are some suitable input 
unit systems which can be used for this purpose:-
Ib.f. 
KN. 
KN. 
inch. 
metre. 
lIlII\S • 
5.11 Pr~gram and Flowcharts. 
Flowcharts for certain procedures and the more important parts 
of the program body'have been given in the text where they 
occur. Flowcharts for the remaining portions will not be given, 
however, a full Algol listing of the DECK1 program is given in 
the Appendix. 
5.12 Note on Sign Convention. 
The sign oonvention used for joint displaoements and member end 
foroes is the same as that given in seotion 3. This syetea is . 
olookwise positive for moments, and is inoompatible with a sign 
oonvention based on sagging and hogging moments. If the reader 
is in any doubt of this he is referred to Livesley's explanation 
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1 
of this situation. 
It is important to note that for a given member e.g. 
1 - 6, joint 1 is end 1 and joint 6 is end 2. Therefore 
results for member end forces are given thusl-
MEMBER AX1 MY1 MZ1 MY2 MZ2 SY1 SZ1 
1 - 6 50.0 15.0 15.0 30.0 30.0 1.0 -1.0 
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,.13 Test Frames Illustrating the Use and Versatility of 
the DECK1 Program. 
Four example structures are analysed using the DECK1 program 
where eaoh example is used to illustrate a different faoet 
in the use of the program. Comparison of the results with other 
verified values is given in the following seotion and therefore 
will not be presented here. 
Since the amount of output oan be quite oonsiderable it 
was deoided to preeent only those results best suited to 
illustrate eaoh example' e use of the program. 'lbe method of 
presentation also varies from example to example. 
Example 1. A struoture not oonforming to the use of plane fraMs. 
1 
6m 611 
9 __ --~-----~---~-------~1~ 
;0M .' / , // / // / 8 / / -- ---.-- --6m // // // 
~--- ----, 
6 / / ~ ~----L----T~/----'-----' 
• 
z 
I 
4 I 
T!riiI I 
x 
• 
I 3,~ 
I 
I 
J 
'1//"1 
Sketch of structure for Example 1. 
All columns 200x2001DDl8. 
E = 1.378 x 107 KN/m2 
G • 5.512 x 106 KN/m2 
~ "" 0.150 
Floor. thickness 200mm, split into elements as shown. 
Two load cases were analysed. 
(a) Uniformly distributed load of 1KN/m2 on the floor area. 
(b) As (a) plus a point load of 5KN in the X direction at 
joint 6. 
Results for load case (a). 
1) structure joint displacement 
TAllLE 5.1. 
Joint DEFZ ex 9y 
6 
-3 -16 16 
7 ~ -3 -16 16 
8 
-15 0 0 
9 -3 16 -16 
10 
-3 16 -16 
deflection - metres x 104 
rotation 
- radians x 104 
2) Floor displacements 
Figa.5.13 and 5.14 give the vertioal deflection and 
rotation for specific sections through the slab. The 
effect of the centre column is clearly visible. 
3) Colwnn forces 
TAllLE 5.2. 
Member AX1 MY1 MZ1 MY2 MZ2 SY1 
1 
- 6 15.0 0.6 0.6 1 .2 1.2 0.2 
2 - 7 15.0 -0.6 0.6 -1.2 1.2 0.2 
3 - 8 84.0 0.0 0.0 0.0 0.0 0.0 
4 - 9 15.0 0.6 -0.6 1.2 -11.2 -0.2 
5 -10 15.0 -0.6 -O.~ -1.2 -1.2 -0.2 
Ur.1 ts s KN or KNm 
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SZ1 
-0.2 
0.2 
0.0 
-0.2 
0.2 


Results for load case (b). 
1) Structure joint displacements. 
TABLE 5.'. 
Joint Qx Qy DEFX DEFY Dl!:FZl 
-.---- - ~---
6 -12 26 782 
-304 f 7 -21 -7 782 304 -3 8 0 1 479 0 -15 
9 19 18 175 -304 -3 
10 13 -15 175 304 -3 
deflection - III X 104 
rotation - radians x 104 
2) Floor displacements. 
Figs. 5.15 and 5 .16 give graphical representation of 
the vertical deflection and rotation for the same seotions 
as in Figs. 5. 1 3 and 5. 14 for comparison with the resul ts of 
10l".Ld. oase (a). 
3) Column forces. 
TABLE 5.4. 
Member AX1 MY1 MZ1 MY2 MZ2 SY1 SZ1 
1 - 6 14.0 -7.7 3.8 -6.7 4.2 0.8 1.4 
2 - 7 16.0 -8.9 -2.6 -9.1 -1.8 -0.4 1.8 
3 - 8 84.0 -5.2 0.0 -5.2 0.0 0.0 1.0 
4 - 9 14.0 -1.3 2.6 -0.6 1.9 0.5 0.2 
5 - 10 16.0 -2.5 -3.8 -3.0 -4.3 -0.8 -0.8 
Units I KN or KNm 
Comments on Example 1. 
It should be noted that, even though it is of a highly symmetrical 
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nature, this structure could not easily or accurately be 
analysed by a series of plane frames. It is also important to 
note how the total floor load has been distributed between the 
columns. This is shown by both the vertical displacement and 
the corresponding axial load. The simple catchment area theory 
would provide, for a total load of 2P, P/4 at each corner column 
and P at the centre column. This corresponds to values of 18KN 
and 72KN for the loading in load case (a). However, the results 
give 15KN at each corner column and 84KN at the centre column. 
Thus a large discrepancy is inherent in the centre column load 
when using the simple area method for floor load distribution. 
The structure displacements for load case (b) tend to 
support the assumption that the slab does not move as a rigid 
body, whioh had been assumed by some earlier workers in this 
field as stated in the Introduction. 
Exam]2le 21 A two storey block with 
-
~m ;6
1 
15 / 
" 
/ 
, 
.-
/ 
13 4 3m 
I 
12 
3m,/ " ~ -/ 
.- 3m 
/~/, .-
3m/~ / 6~ -- 5 
differing floors. 
All columns 200x200mms 
E _ 13.78 KN/mm2 
G = 5.512 KN/mm2 
~ ::; 0.150 
Large floor thiokness 
... 150mm 
,7 , 
3 4 
Small floor thickness 
Zt hi y _ 120mm 
1 1/ X 21 
• 
The floors are split into 
elements as shown. 
Sketch of structure for Exam]2le 2. 
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One load case, that of a uniformly distributed load of 1KN/m2 
on the floor area, was analysed. 
Resul ts for Example 2. 
1) structure joint displacements. 
1 
8 
9 
10 
11 
12 
13 
14 
15 
16 
TABLE '.5. 
-1 1 
-1 -1 
o 1 
o -1 
1 1 
1 -1 
-2 1 0 
-2 -1 I 0 
2 2 I 0 
2:----J._---=2---.--L_Q 
2 
-2 
-1 
1 
-2 
2 
5 
-5 
3 
__ -=3 , 
deflections - mms x 104 
rotations - radians x 104 
2) Floor displacements. 
192 109 
192 109 
189 395 
189 395 
192 231 
192 231 
630 518 
630 518 
634 353 
634 __ 35} 
Fig. 5.11 illustrates diagramatically the deformation of a 
'part frame' of the three-dimensional struoture. '!he effect 
in the reduction of the floor thickness with respeot to 
the floor displacement is apparent. 
3) Column forces. 
Member AX1 SY1 SZ1 MY' MZ' MY2 MZ2 
1 - 7 2.00 0.13 -0.16 163.11 125.13 326.44 273.61 
2 - 8 2.00 0.13· 0.16 -163.11 125.13 -326.44 273.61 
3 - 9 7.26 -0.05 -0.18 180.82 -60.11 361.51 -97.1, 
4 - 10 7.26 -0.05 0.18 -180.82 -60.11 -361. 51 -97 .11 
5 - 11 4.24 -0.08 -0.07 75.05 -88.31 149.84 -153.21 
6 - 12 4.24 -0.08 0.07 -15.05 -88.31 -149.84 -153.21 
9 - 13 2.26 0.24 -0.35 528.75 233.25 516.16 477 .61 
10 - 14 2.26 0.24 0.35 -528.75 233.25 -516.16 477 .6, 
11 - 15 2.24 -0.24 -0.28 350.48 -268.23 477.26 I -442.61 
12 - 16 2.24 -0.24 0.28 -350.48 -268.23 -477.26 -442.61 
------- ------, ---- --,------~---,- ---- --------- ----- ---- ------ -~
UnitSI KN or KNmm. 

Comments on Example 2. 
The example structure could have been analysed by the splitting 
of the space frame problem into a plane frame analysis. However, 
a two-dimensional analysis would not have shown the biaxial bending in 
the oolumns. If multi-framing is used the biaxial bending would 
become apparent but the actual moment values could only be very 
approximate. Also no information about the floor deformation 
would be forthcoming from a plane frame analysis. 
Example 3. 
.. 
Model of a bridge deck. 
~ 2m 
1 2 
\ 
\ 
Sketch of bridge structure for Example 3. 
E • 
oolumns - 200x200mms 
13.78 KN/mm2 
5.512 KN/mm2 G II: 
-u .. 0.150 
floor thiokness 120mm split into 24 elements as shown 
edge 
A solution for the loading of 10KN/m2 uniformly distributed 
load on the deck area is given. 
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Results for Example 3. 
1) Structure joint displacements. 
TABLE 5.7. 
Joint 
-------+-----~------; 
DlDlB X 
3 
4 
2) E~oor displacements. 
2 
2 
287 I 
287 J 
A contour plot of the vertical deflection over the deck 
is given in Fig. 5.18. 
3) Floor moments. 
A contour plot of the MY moment per unit length for the 
deck is given in Fig. 5.19. A graph for Mx is given in the 
following section. 
4) Column forces. 
lMe~ber 1 1 - 3 ' --=--4l 
TABLE 5.8. 
AX1 SZ1 I MY1 I MY2 I 
1 <~31:---0-.-51t-169.65 ·-t- 341.381 
15.83 0.51 -169.65 -341.38 I 
. 
- - -- -- -" - -' 
Uni ts I KN or KNmm 
Comments on ~~ample 3. 
'l'he example given illustrating the versatility of the program 
shows how a bridge deck could be analysed whilst accountL,g for 
the interaction between the deck and columna. 'TIle program also 
allows for the floor mesh points on the deck to be rigidly fixed. 
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Example 4: Analysis of a shear wall structure. 
.. 
6m 6rn 
1 
x/l 
z 
-.. -
5 
2 I- - -- - _ - _6 -+---I.-.l-I-+t--A---.....uJI 
31-- - -
Sketoh of structure for Example 4. 
E = 13.78 KN/mm2 
G • 5.512 KN/mm2 
-\) = 0.150 
wall thickness. 150mm, elements as shown. 
The walla are edged by 20Ox200mm members i.e. 5 - 6, 5 - 1, 
6 - 8. Other members are 200x200mm except for the dummy members, 
where small member stiffnesses have been used. These dummy 
members have been used to transform the structure into a form 
which the program can handle. However, due to their negligible 
stiffness no extra constraint is applied to the frame. One 
lo;;,d case was analysed. The loading is illustrated in Fig. 5.20 
where 5KN point loads were applied as shown. 
Results for Example 4. 
1) Structure joint displacements. 
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TABLE 5.9. 
Joint DEFX DEFY 
5 681 -292 
6 681 292 
9 681 -292 
i 10 681 292 
deflection8 - mmB x 104 
2) Wall deformation. 
Fig. 5.20 show8 diagramatically the deformation of the 
wall under the loads described. 
Comments on Example 4. 
This example is given to show how the program can be used to 
analyse diaphragm elements for either in-plane or out of-plane 
force8. Note how the 8tructure axes have been rotated to enable 
the analysis to be performed. 
5.14 V~rifieation and Limitation of DECK1 program. 
The DECK1 program has undergone a limited testing procedure to 
justify the validity of results. However, it i8 still very much 
a prototype program and cannot be oonsidered as fully tested. 
Verification was undertaken in two stages by comparison 
(a) with known result8 
and (b) with other tested programs. 
The Tee-beam and Rigid Orthogonal Space Frame programs described 
in earlier sections (2&3) were used to establish that the 
frame results were valid. Floor solutions were tested by 
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simulatin~ known cases eo that comparisons could be made. A 
further check on the total structure analysis was made by 
comparing results on a test frame analysed by Majid and 
Williarr~on4. The frame was a table-like structure and the 
solutions obtained showed good agreement allowing for small 
variations in material properties. Also, the conclusion that 
the increase in stiffness of a floor-clad structure over that 
of the bare frame was of the order of 28% was reinforced. 
Certain limitations have been placed on the node 
numbering system adopted throughout the program. For structure 
nodes the program requires that numbering must follow a 
sequential system from floor to floor i.e. one floor must be 
totally numbered before moving on to the next. A similar assumed 
system is in operation for the floor mesh numbering. Here if 
mesh nodes are numbered in the X-direction the input will expect 
elements in rows in the same direction. 
Hardware restrictions will, of course, limit the size of 
structure which can be analysed and the size of floor mesh that 
can be handled. The input and output systems are somewhat 
rigid, ~0t allowing much choice to the user. However, improvements 
in this direction can be easily implemented and in the case of the 
output a system for some kind of user choioe has been added. 
To illustrate the capability of the program a 3 storey 
structure was solved. It consisted of a grid of 12 columns 
supporting floors split into 36 elements, the total number 
of unknown displacements being 972. The machine used was an 
Elliot 4130 where the store required for systems, program 
and operation was 4~k. The total time for run and output 
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was 12 minutes which consisted of printed input data and total 
output, comprising displacements and forces for 36 column 
members, 27 beam elements per floor and 36 floor elements. 
It is not possible to state the capacity of the program as this 
greatly depends on the type of structure to be analysed, however, 
the foregoing example does indicate the program's scope and 
shows its affinity for the multi-storey nature of structures. 
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6. COMPARATIVE ELASTIC ANALYSIS OF TEST FRAMES. 
6.1 Introduction. 
In this section the results from test frames analysed by the 
~rograma described earlier in the text are presented. The three 
programs are TEE1, the Tee-beam analysis program, rlIGIDORT, 
the rigid orthogonal space frame program and DECK1, the program 
described in section 5. The three programs illustrate the 
differ~nt approaohes available to the analyst when using computers 
to obtain elastic analysis solutions. 
The DECK1 program is further used to investigate the 
effeot of floor mesh grading on two simple test frames and also 
to carry out investigations into the possibility of using a 
sub-framing technique in three-dimensions similar to that used 
1 2 for plane frames ' • For this purpose results for sub-frame 
analyses are compared with those for the total test frame. 
This investigation was restricted in its size but does provide 
interesting information in the technique of sub-framing. 
The results are presented in tabular or graphioal form 
as appropriate, and where neoessary oomments and worthwhile 
relationships have been given. A general discussion on this 
section will be given later in seotion 1. 
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6.2 Test 1. 
1 
.. 
8 
6 4 
1 
1 
Fig. 6.1. Diagram of the Test Frame Structure. 
Properties: 1 = 6000mma floor thickness = 120mms 
Young's Modulus E ::: 13.78 KN/rmn2 
Shear Modulus G = 5.512 KN/mm2 
Poisson's Ratio ~ = 0.15 
Column size 200 x 200 ~ 
Members 5 - 6, 5 - 7, 6 - 8, and 7 - 8 are used as beams in 
tests on beam supported floors and for beams in the RIGIDORT 
tests. 
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TABLE 6.1 - Testing Sohedule. 
~ethod of Solution for Structure Data. Loading Cases. 
Elastio Analysis 
1. Plane Frame Analysis A 'half-structure I a) Uniformly distributed 
With Rectangular or frame. load* on member 5 - 6. 5r1 Tee-beams. b) Point load at joint 5 1 2 
in the X direction. 
2. Skeletal Space Frame As illustrated in a) Equivalent UDL veotor* 
Analysis With Fig. 6.1 but witb- b) Point loads at joints 
Rectangular Beams. out a floor deok. 5 and 1 in the X 
direction. 
c) Point load at joint 5 
in the X diirection. 
~. Decked Frame Solution As illustrated in a) UDL on floor area. 
- Full Rigid Frame Fig. 6.1. b) Point loads at joints 
With Floor and 5 and 1 in the X 
Rectangular Beams. direotion. 
c) Point load at joint 5 
in X direction. 
* An equivalent loading to that of the uniform load on the floor 
area is applied to the plane frame and to the skeletal frame. 
For the plane frame, a line load equal to half the total floor 
load is used. For the skeletal frame, the loading equivalent 
is as desoribed in section 3, (3.4). 
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6.3 Results for Test 1. 
6.,.1 Results for loading case (a) - uniformly distributed 
load of 1KN/~ on the floor area. 
TABLE 6.2 - Displacement of node 5 of teet frame. 
Program Beam Data ( IIIIII8 ) ROTX ROT! ROTZ DEFX DEFY 
~) TEE1 
RIGIDORT 
" 
11 
" 
DECK1 
fb) TEE1 
" 
lUGIDORT 
DEC!<1 
RIGlDORT 
TEE1 
(depth x breadth) 
120 x 200 
-
120 x 200 
-66 
120 x 300 
-63 
120 x 500 -58 
120 x 700 
-5' 
-
-24 
320 x 200 
-
320 x 200 
-
Tee-beam with 
floor 120 deep, 
flange 680 wide. 
320 x 200 
-24 
200 x 200 -~O 
200 x 200 
-49 
200 x 200 
-
Rotations - radians x 104. 
Deflections - mma x 104• 
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66 
-
184 
-
66 0 184 184 
63 0 117 117 
58 0 64 64 
53 0 42 42 
24 0 9 9 
24 
-
25 
-
16 
-
10 
-
24 0 25 25 
20 0 6 6 
49 0 82 82 
49 
-
82 
-
DEFZ 
-980 
-980 
-980 
-980 
-980 
-980 
-980 
-980 
-980 
-990 
-980 
-980 
TABLE 6.3 - Column End Forces tor Member 1 - 5 of Test Frame. 
Program Beam Data (1lIlIl8) MY1-MZ1 MY2-MZ2 AX1 SY1 SZ1 (depth x breadth) 
a) RIGIDORT 120 x 200 4057 8120 9.0 2.03 -2.03 
" 120 x 300 3869 7742 9.0 1.94 
-1.94 
" 120 x 500 3540 7082 9.0 1. 77 -1.77 
" 120 x 700 3263 6526 9.0 1.63 -1.63 
DECK1 
-
1396 2792 9.0 0.70 -0.70 
b),TEE1 320 x 200 1480 2950 9 .. 0 
- -0.74 
" 320 x 200 1010 2010 9.0 - -0.50 
Tee-beam with 
floor 120 deep, 
flange 680 wide. 
DECK 1 200 x 200 1183 2367 9.0 0.60 -0.60 
RIGIDORT 200 x 200 2998 5999 9.0 1.50 -1.50 
TEE1 200 x 200 3000 6000 9.0 - -1.54 
forces - KNor KNmm. 
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6.3.2 Results for loading case (b) - horizontal sway load on 
joints 5 and 1 of 5KN in the X direction. 
TABLE 6.4 - Displaoement for nodes 5 and 6 of test frame. 
Program Beam Da. ta (IDIDB) 
NODE 5 NODE 6 (depth x breadth) 
ROTY DEFX DEFZ ROTY DEFX 
~) TEE1 120 :x 200 0.0107 56.53 0.0154 0.0107 56.48 
RIGIDORT 120 x 200 0.0107 56.62 0.0154 0.0101 56.58 
II 120 x 300 0.0083 49.56 0.0180 0.0083 49.53 
II 120 :x 500 0.0058 41.92 0.0208 0.0058 41.90 
II 120 x 100 0.0044 31.86 0.0233 0.0044 31.84 
DEClO 
- 0.0035 35.15 0.0233 0.0035 35.14 
Ib) TEE1 320 x 200 0.0010 21.40 0.0262 0.0010 27.38 
RIGlDORT 320 :x 200 0.0010 21.46 0.0262 0.0010 21.44 
DECK1 200 x 200 0.0016 29.28 0.0255 0.0016 29.28 
TE.E1 200 x 200 0.0035 35.02 0.0234 0.0035 35.00 
RIGlDORT 200 :x 200 0.0035 35.11 0.0233 0.0035 35.08 
Deflections - mms 
Rotations - radians 
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DEFZ 
-0.0154 
-0.0154 
-0.0180 
-0.0208 
-0.0233 
-0.0233 
-0.0261 
-0.0261 
-0.0255 
-0.0233 
-0.0233 
TABLE 6.5 - Column forces for member 1 - 5. 
Program Beam Data (mma) Mr1 MY2 AX1 SZ1 (depth x breadth) 
a) RIGIDORT 120 x 200 
-10770 
-4240 -1.41 2.5 
" 120 x 300 -10050 -4960 -1.65 2.5 
" 120 x 500 -9270 -5730 -1.91 2.5 
" 120 x 700 -8850 -6150 -2.05 2.5 
DEClO 
- -8580 -6420 -2.10 2.5 
b) TEE 1 320 x 200 
-7760 7370 -2.43 2.52 
Tee-beam with 
floor 120 deep, 
flange 680 wide. 
DECK1 200 x 200 
-7980 7020 -2.33 2.50 
RIG I DORT 320 x 200 
-7800 7210 -2.40 2.50 
force. - KN or KNmm. 
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6.3.3 Results for loading case (0) - A tWisting load of 5KN 
applied at node 5 of the test frame. 
TABLE 6.6 - Displacement of Nodes 5 and 7 of Test Frame. 
Program Beam Data NODE 6 NODE 7 (mms)(depth 
x breadth) ROT! ROTZ DEFX DEFZ ROTY ROTZ DEFX DEFZ 
a) RIGlDORT 120 x 200 85 -28 4~.e8 0.0113 23 -28 10.71 0.0043 
" 120 x 300 64 -26 39.45 0.0124 19 -26 10.11 0.0055 
" 120 x 500 43 -24 32.74 0.0136 14 -24 9.15 0.0072 
" 120 x 700 33 -23 29.24 0.0140 12 -23 8.61 0.0063 
DECK 1 
-
27 -0 26.52 0.0117 8 -0 8.63 0.0116 
b) RIGlDORT 200 x 200 25 -23 26.87 0.0143 10 -23 8.22 0.0093 
" 
320 x 200 8 -20 20.29 0.0143 3 -20 7.20 0.0120 
DECK1 200 x 200 ~ 0 15.13 0.0127 8 -0 14.15 0.0127 
Defleotions - mma 
Rota tiOlU!l - rad1&n8 x 104 
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6.4 Comments on Test 1. 
In TABLE 6.2 (a), where the frame is subjected to a uniform 
floor load, the effect of increasing the edge beam width in 
order to compensate for the higher bending and in-plane stiffness 
of the floor slab is illustrated. The results show that the 
required width would be greater than 25% of the total floor 
width in or4er to produoe a similar result using beams instead 
of the floor slab. It is reasonable to assume that in this test 
case the slab would span in two directions. The loading vector 
used for the RIGIDORT test takes aocount of this two-w~ 
spanning action. However, in the TEE1 test a uniform line load 
was used where a triangular load would have been more realistic 
for the caloulation of beam moments. Yet, as is shown in TABLE 
6.2 (a), the displacements are in good agreement and if ~iangular 
loading was to be used the oolumn stiffnesse. would have to be 
adjusted to aooount for the reduotion in axial column load. 
Similar results for increasing edge beam widths are shown by 
the col..Lnn forces given in TABLE 6.3 (a). AIJ is Bhown in 
TABLE 6.2 (b), when supporting beam.e were added to the DECK1 
test frame, the difference in rigidity was not so great as for 
the non-beam case due to a large proportion of bending being 
t!!.ken by the edge bea.m.s, The use of 'l'ee-beam sections leads 
to an improvement in results, as shown in TABLE 6.7, where some 
calculated end moments for the plane frame test case have been 
given for both uniform and triangular loading, the beam being 
considered as a flanged beam. The values were obtained using 
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5 6 
,--------------~ 
6000mms 
2 
6000mma 
Fig. 6.2 Test Frame for Moment Distribution. 
Member 5 - 6, a 200 x 200mm beam, 1s ooneidered as a flanged 
beam with flange as speoified below and floor depth of 120mms. 
The columns are 200 x 200mms in oross-section. 
TABLE 6.7 End Moments for Columns 1 - 5 of Test Frame in Fig. 6.2. 
Loading Mode Flange Size Moment at 1 Moment at 5 (1lIIIlB ) (1OJmms) (KNmms) 
Uniform load 500 2530 4950 
of 3KN/M 
" 
1000 2110 4190 
Triangul~r 5~0 1580 3160 
loading, total 
load = 9KN 
" 
1000 1320 2620 
Uniform lO~ from DECK1 1183 2367 
of 1KN/ results (cf 
TABLE 6.3(b)) 
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a moment distribution and it is apparent that the best agreement 
of column moments, compared to those given in section 6.3, is 
for the largest flanged beam subjected to a triangular loading, 
the flange size being 1/6th of the actual floor span. 
The second and third loading cases illustrate the high 
in-plane stiffness which the floor slab provides for the frame, 
but the effect is not so marked as in the flexural case discussed 
previously, espeCially for the beam supported floor. The limited 
deformation of the floor plan area, shown by the displacements 
given in TABLE 6.6, demonstrates this extra in-plane stiffness 
compared with the bare frame. As before, an increase in beam 
width leads to an improvement in these results. 
6.5 'l'est 2 - Effect of Mesh Concentration. 
'l'wo frames carrying a uniform deck load have been analysed 
using the DECK1 program for the purpose of investigating 
the influence of floor mesh grading on the preCision of results. 
6.5.1 Frame 1 
The first test frame, the same as that given in Fig. 6.1 for 
Test 1, was subjected to a uniformly distributed floor load 
of 1KN/~. The element mesh concefttrations used in the test 
were 9, 16 and 25. The results of the tests, illustrating the 
variation of structure displacements and forces with floor mesh 
concentration, are presented in the following tables and 
graphs. The frame has been tested with and without supporting 
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edge beams of 200 x 200mma cross-section. 
TABLE 6.8 Displacements of Node 5 of Test Frame. 
I Number of Mesh Nodes ROTX r ROTY ROTZ DEFX DEFY DEFZ 
I 
(a) Without supporting beams 
16 
-23 23 0 8 8 
-980 
25 
-24 24 0 9 9 -980 
36 
-24 24 0 10 10 
-980 
~b) With supporting beams 
16 
! -19 19 0 5 5 -980 
25 
-20 20 0 6 6 
-980 
36 -21 21 0 7 7 -980 
deflections in mmB, rotations in radians, all results x 104. 
TABLE 6.9 Column Forces for Member 1 - 5 of Test Frame. 
Number of Mesh Nodes MY1=MZ1 MY2=MZ2 SZ1=SZ2 AX1 
1 
(a) Without supporting beams 
16 1396 2792 0.7 9.0 
25 1443 2886 0.7 9.0 
36 1450 2901 0.7 9.0 
(b) With supporting bearne 
16 1183 2367 0.6 9.0 
25 1248 2495 0.6 9.0 
36 1277 2554 0.6 9.0 
, 
Forces in KN or KNmm 
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6.5.2 Frame 2. 
The test frame is illustrated in Fig. 6.5 The uniform floor 
loading was 10KN/J? and two mesh graciings were u.eed:-
(a) 3x7 mesh nodes 
and (b) 5x7 meeh nodes. 
The results for the test are ehown in table, graph and contour 
plot fern. 
1 1 1 
\ 
1 \ 
ixed edge ~ 4' , - T -
, \ \ 
" 
'\ \ 
,
, , \ 
\ \ ' \ 
1 
X 
21 t 1 
Fig. 6.5 Diagram of Test Frame Structure. 
Properties I 1 = 1000mms floor thickness = 120mms 
Young's Modulus E :: 13.78 KN/mm 2 
Shear Modulus 
Poisson's Ratio 
G = 5.512 KN/mm2 
:u =0.15 
oolumn size 200 x 200mma 
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TABLE 6. 10 Displacelllents of Structure ~ode 3. 
Number of 
Mesh Nodes ROTX ROTY ROTZ DEFX DEFY DEFZ 
3 x 7 0 1 0 12 0 
-273 
I 
5 x 7 I 0 0 0 2 0 -287 , 
Deflections in mme 
Rota tiona in radians, all results x 104 
TABLE 6.11 Column Member-end Forces for Member 1~ 
MESH MY1 MY2 AX1 SZ1 
21 183.9 380.4 15.00 -0.06 
35 169.7 341.4 15.83 -0.51 
forces in KN or KNmm 
6.6 Comments on Test 2 - Rffect of Mesh Concentration. 
The results obtained for the table-like structure showed that 
a convergence is achieved by the use of inoreasing mesh density. 
However, the actual improvement in preCision for the column 
forces given in TABLE 6.9 is not substantial. Here the greatest 
divergence in colunm end moment for the three mesh sizes is less 
than 1~fo. Similar results are provided by the analysis of the 
second frame where the divergenoe of displacement and force 
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values was greater. 
The effect of varying the element mesh on the floor 
solution is illustrated by the graphs shown in Figs. 6.3 and 
6.4. Ag.~in it can be seen that there is only a emall divergence 
of results and that the increase in aocuracy in using a finer 
mesh is not large. In the second test, however, the divergence 
of results is significant and the use of a finer mesh does 
seem desirable if floor behaviour is being investigated. This 
is borne out by the graphs for displacement, as shown in Figs. 
6.8 (a), (b) and (c), for the floor deck. 
The contour plots shown in Figs. 6.6, 6.7 and 6.9 
demonstrate how floor information can be interpreted and how 
the size of mesh can limit the aoouracy of the plotting. This 
is espeoially true of the floor moments as shown in Fig. 6.9. 
6.7 Test 3 - Sub-framing. 
A preliminary investigation into the possibility of using three-
dimensional sub-frames for the determination of member end foroes 
for bean~ of a space frame was undertaken. The sub-frame was to 
account for three-dimensional behaviour of the structure. 
The test frame chosen at this stage in the investigation was 
a regular, symmetric struoture in order that basic problems 
were clear, which might not be the case if the frame was irregular. 
The starting point was to take the beam in question and form 
the sub-frame by considering the adjacent members, fully fixed 
at their extremities, plus the accompanying floor slab. However, 
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the fixity of the slab at the boundary was undecided, as is 
shown by the following results. The test oonsisted of setting 
up sub-frames, which were analysed using the DECK1 program, 
to account for internal and boundary beam members. The sub-
frame results were oompared with tho8e for the full frame, which 
was also analysed using DECK1. The results for both sub-frame 
and full frame are presented below, where the fixity of the 
floor boundary for the sub-frames has been varied. In this 
test run only local loading around the member can be considered 
and for this reason only uniform loading has been applied to 
the frames. 
6.8 Test 3 - Results on Sub-framing. 
6.8.1 
The full spaoe struoture consisted of three frames as shown in 
Fig 6.10 interoonneoted by the floor slab at a bay width of 
5 metres. The frame was analysed for a floor loading of 
15KN/Mf and the results are shown, where required for oomparison 
with the sub-frame solutions. Eaoh floor area was divided 
into 36 finite elements. 
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4 
-*-
4; 
I 
t f- I 
4; I 1 I I I I ~ l .:L 
I 
1 Z/f-
f 6 )~ 6 ,t 6 ~ 
Dimensions in metres. 
Fig. 6.10 Section Through Space Frame Used for Sub-frame Testing. 
PropertiesJ Area (11-) .I (~) I (0) J (0) 
Y z 
Beams I .18 .0054 .0054 .0054 
Columns I .09 .002025 .002025 .002025 
Bay width = 5 metres 
Floor thickness = 200mma 
6.8.2 Internal member sub-frames. 
The sub-frame for roof and lower storey members are both shown 
in Fig. 6.11. The member end forces for both cases are given 
in TABLE 6.12. 
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4 
4 
~ 
I 
iUP 
: .w-- columns above 
I as required 
j( 6 II 6 .1< 6 ~ 
Dimensions in metres, 
properties for beams and 
columna as for full frame. 
Key to floor boundary fixity. 
Mode A 1- 0 - fully restrained; 
B 1- 0 - " " 
C 1- 0 - Z deflection 
restrainedJ 
Floor Plan. 
o - column boundary node 
+ - floor boundary node 
+ - fully reatrained. 
+ - Z deflection restrained. 
+ - Z " " 
fits' 6.11 Sub-frame Jor,.Internal Member of Space Frame. 
TABLE 6.12 - End Forces for Member 1 - 2 of Fig 6.11. 
Floor Boundary Fixity END 1 END 2 
Mode SZ1 MX1 MY1 SZ2 MX2 MY2 
_(KN) JKID,!) (KNM) (KN) (KNM) (KNM) 
(a) Lower storey members 
A 101.8 0 1-131.6 101.8 0 131.6 
B 116.3 0 -152.4 116.3 0 152.4 
c 128.1 0 -178.9 128.1 0 178.9 
Full frame analysis 108.6 0 -141.0 108.6 0 141.0 
(b) Roof members 
B 114.8 0 -147.9 114.8 0 147.9 
Full frame analysis 112.9 0 -149.3 112.9 0 149 •3 ! 
~ -~--
For key to floor boundary fixity modes see Fig. 6.11 
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6.8.3 Boundary member sub-frames. 
(a) One end of the be~ at the boundary. 
The sub-frames for both (a) roof and (b) lower storey cases 
are shown in Fig. 6.12(a) and the comparative results for 
this type of boundary condition are shown in TABLE 6.13. 
Fig 6.12 (a) Sub-frame for Bourldary Member of Space Frame where 
One End of the Beam is at the Boundary. 
Floor Plan. 
~ "f' columns above 
I-<'as reCluired 4 T : f1 1 t 2 IT 9 0 1 x t ~ ~ I Z 
4 i 1, G 
l'< 
6 
)t 
6 
;I 
Dimensions in metres, 
properties for members 
as for full frame. 
Key to edge fixity. 
Mode A :- o - fully restrained, 
B :- o - " " 
C :- o - fully restrained, 
111 
'2 
..-
-. ,I 
free~il 
1 
~-r 
edge ~ 0 0 
+ -
+ -
except 
L 
o - column boundary node. 
+ - floor boundary node. 
fully restrained. 
Z deflection restrained. 
at.free edge where only 
restrained from vertical displacement. 
D 1- 0 - fully restrained; 
E 1- 0 - Z deflection 
restrained; 
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+ - nodes x,y restrained from 
vertical displacement. 
+ _ Z deflection restrained. 
~ 
10 
TABLE 6.13 End Forces for Member 1 - 2 of Sub-frame of Fig. 6.12(a). 
Boundary Edge Fixity END 1 END 2 
Mode SZ1 MX1 MY1 SZ2 MX2 MY2 (KN) (KNM) (KNM) (ICN) (KNM) (KNM) 
(a) Roof members 
A 13.8 0 
-42.1 110.9 0 142.4 
E 82.4 0 
-31.4 152.4 0 211.8 
FUll frame analysis 95.9 0 -14.3 122.0 0 148.4 
(b) Lower storey members 
A 81.2 0 -64.6 118.8 0 141.3 
B 95.5 0 -15.3 130.6 0 113.9 
c 91.6 0 -16.1 132.0 0 115.9 
D 105.1 0 -84.3 135.3 0 181.0 
Full frame analy.sis h01.3 0 -117.4 112.3 0 131.4 
For key to boundary edge fixity modes see Fig 6.12(a). 
(b) One edge of the beam along the boundary. 
The sub-frame for both (a) roof and (b) lower sto~ymembers 
is illustrated in Fig 6.12(b) and the test -results in TABLE 6.14. 
Fig 6.12(b) Sub-frame for Bound~e..~b~rs OLSJ~8£e. ~!h!!!:!. 
4 
4 
One Edge ()f the Beam is Along the Boundary. 
~ columns above 
:~ as required 
------~------~--~ 
6 6 6 
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Dimensions in 
metres, properties of beams 
and columns as for full frame 
Fig 6.12(b) continued •• 
Key to edge fixity. 
"- ;ree edge 
o - colwnn boundary l 
+ - floor boundary n, 
Mode A 1- 0 - fully restrained; + - fully restrained. 
B 1- 0 - " " + - Z deflection restrained. 
C :- 0 - Z deflection 
restrained; 
+ - Z " " 
TABLE 6.14 - End Forces for Member 1 - 2 of Sub-frame of Fig. 6.12(b). 
Boundary Edge Fixity END 1 END 2 
Mode SZ1 MX1 I MY1 SZ2 MX2 MY2 (KN) (KNM) I (KNM) (KN (ICNM) (KNM) 
(a) Roof members 
A 52.5 7.9 -67.3 52.5 7.9 67.3 
B 59.2 13.5 -77.1 59.2 13.5 77.1 
C 64.9 8.7 -93.1 64.9 8.7 93.' 
Full frame analysis 56.5 16.5 -76.5 56.5 16.5 76.5 
(b) Lower storey members 
A 53.3 11.4 -69.5 53.3 -1:1 .4 69.5 
Full frame analysis '57.4 23.2 -75.2 57.4 -23.2 75.2 
For key to boundary edge fixity see Fig 6.12(b). 
(c) Beam at the corner of the boundary. 
The sub-frame for (a) roof and (b) lower storey members 
is given in Fig 6.12(c) and the corresponding member end 
forces in TABLE 6.15. 
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Fig 6.12(c) Sub-frame for Boundary Members of Space Frame 
wi th the Beam at the Corner of Boundary. 
~ +' 
'...- columna above 
4 I as required 
r 
I 2, t 1 4 Z~x .1 
If-
6 ~ 6 
Dimensions in metres, 
properties for members 
as for full frame. 
Key to edge fixity. 
=' 
Floor Plan 
I : 115 
1 2 ~ 
free 
edges 
o - column boundary node 
+ - floor boundary node 
Mode A:- 0 - fully restrained; + - fully restrained. 
B:- 0 - " " 
C:- 0 - Z deflection 
restrained; 
+ - Z deflection restrained. 
+ - Z " " 
Y
L 
TABLE 6.15 - End Foroes for Member 1 - 2 of Sub-frame of Fig. 6.12(c). 
Boundary Edge Fixity END 1 END 2 
Mode SZ1 MX1 MY1 SZ2 MX2 MY2 (KN) ClcNM ) 6cNM) (KN) (KNM) (KNM) 
(a) Roof member 
A 41.4 9.7 -25.3 60.0 6.0 77.7 
B 48.2 17.2 -29.0 69.1 11.4 90.7 
C 43.7 8.1 -18.5 78.8 7.1 115.5 
Ml frame analysis 51.8 22.1 -41.6 63.6 13.4 77.4 
(b) Lower storey member 
I 
59.6 A 44.8 13.4 -37.0 9.9 79.2 
B 51 .3 21.7 -42.3 68.21 16 •4 91•6 
Full frame analysis 57.8 26.6 -64.2 60.3 20.9 . 74.6 
For key to boundary edge fixity see Fig 6.12(c). 
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6.9 Comments on Sub-framing Results. 
The possibility of using half the member stiffness for adjacent 
members, when considering plane sub-frames, is put forward in 
the Handbook on the Unified Coda for struotural conorete (CP110.1972)1. 
However, the Joint Committee's Seoond Report on 'Fully-rigid 
multi-storey welded steel frames,2 does not go this far and 
suggests that aotual stiffness for adjaoent beam members ie 
suffioient. Sinoe diffioulties arise in the use of half stiffness 
faotors when oonsidering the floor deok no modification of adjaoent 
beam stiffness has b.en employed. 
The results for the internal member oas. are in good 
agreem'm t with the full frame reeul ts, especially when the fixing 
mode was with the boundary oolumn nodes fully restrained and the 
floor boundary nodes restrained from vertioal movement. The other 
forms of boundary restraint provide results, as given in TABLE 6.12(a), 
as expeoted. For example, for the fully fixed boundary edge oondition, 
load is attraoted more to the boundary thus produoing lower member 
end force values. than for the full analysis. Similar agreement of 
results with that of the full frame are shown in TABLE 6.12(b) 
for internal members at roof level. It ie interesting to note 
that the mode of fixity, mode B, gives the best results in eaoh case. 
The sub-frames for the bounda~ me meers have proved difficult 
to formulate oompletely, despite the regular nature of the frame. 
The three types of boundary condition are shown for both roof 
and lower storey members in Fig. 6.12(a), (b) and (0). The 
symmetrical cases were quite sucoessful with the same boundary 
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oondition as for the internal members. This i~ shown in TABLE 6.14 
for both roof and lower storey beams. However, the results for 
the non-symmetrical cases are not so encouraging, the shear and 
moment values at node 1 in eaoh oase are lower than those 
obtained from the full frame solution. This is evident in TABLES 
6.13 and 6.15. The olosest agreement is again provided by the 
same boundary oonditions as used in the previous sub-frames. 
It would appear that the stiffness of joint 1 is not suoh that 
it is suffioient to attract load from its surrounding area. 
1 The effeot of halving the beam stiffness for the adjacent member 
was investigated by a moment distribution on the plane frame, 
and, although this does inorease the moment value at end 1, it 
is not enough to produoe results near the required value. It 
oan be seen in TABLES 6.1 3 and 6.15 that several boundary 
oonditions have been tried in order to improve results, but all 
have fallen short of the aooeptable values. 
6.10 Referenoes. 
1. Handbook on the Unified Code for struotural ooncrete. 
(CP11011972) - Cement and Concrete Assooiation. pt2. 
2. Joint Committee's Second Report on 'Fully-rigid multi-storey 
welded steel frames'. I.C.E. The Welding Institute. May 1971. 
p.23-24. 
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7. DISCUSSION OF DECKED FRAME SOLUTION AND COMPARATIVE TESTING. 
1.1 Disoussion of the Program and the Method of Solution 
Described in Section 5. 
The basio objeotive of produoing a oomputer program for the 
analysis of spaoe frame structures inoorporating floor decks 
was completedJ the techniques described in section 5 having been 
successfully implemented. However, the program cannot be said 
to be in a finished state since there are further extensions, 
refinements and improvements whioh could be made. 
The incorporation of floor elements has proved highly 
successful in allowing versatility in mesh placing and floor 
layout. The problem of slab/beam continuity has been overcome; 
however, the in-plane rotational stiffness of the slab still 
remains undefined sinoe it has only really been bypassed in the 
program. The use of separate modes, i.e. flexural and shear, 
for the floor matrices produoes a more effioient system and 
creates less demand for working store. It also enabled the 
oondensation of the floor matrices to be easily implemented. 
However, despite the gains from this oondensation the original 
floor matrices will invariably be non-banded, meaning that the 
whole matrix must be held in working store (note: only half 
the matrix is stored because of symmetry). 
Taking advantage of similarity between floors proved 
successful. However, the present approach could be less 
restrictive, allowing floors not totally similar in all respects 
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to be used as similar floors in the program i.e. floor 
similarity depends on floor loading which could be made an 
independant variable. This extension would create a more 
efficient system. There is also a restriction in the type of 
floor loading which can be applied, but this is not too severe 
since most of the required forma can be handled. 
'rhe condensation of floor matrices reduced the size of 
working space and improved the efficiency of backing store with 
regard to data transfer. However, the floor results do not yet 
provide the in-plane stresses or principal bending stresses 
which would enhance the output of the program. 
The condensation of the structure matrix did not appear 
as successful as was hoped since its efficiency depends on the 
size of the structure to be analysed. The 'part-structure ~trix', 
like the floor matrices, are kept in an un-banded form but 
here it is evident that the matrices, because of the nature of 
the specified numbering system,.would prove banded. However, 
if the number of columna per floor is low the advantage in using 
a banded form would be small, although for large systems such a 
use would reduce the storage requirements and thus improve the 
success of the 'part-structure matrix' condensation section. 
The backing store system used reduced the number of 
data transfers to a minimum and allowed the use of the program, 
under the standard operating system on the computer available, 
to be fairly easy. 
The examples given, illustrate the variety in the type of 
structure which can be analysed ~ing the program. 1~is ranges 
-155-
from general decked fra'Tle structures to more specialist structures 
such as bridge decks and even shear walls. The results given 
show the considerable amount of information obtained from the 
program and the various means of illustrating it. 
The results from the examples show how the floor slabs 
interact with the rest of the structure and contribute to the 
total stiffness of the frame, thus showing that any assumption 
that the floors act as rigid diaphragms would be in error. 
Example 1, which is a type of structure that cannot be Simulated 
by a series of plane frames, illustrates how the floor load is 
distributed between supporting columna, showing, as stated in 
section 5, that simple assumptions for the calculation of 
column loading would provide inaccurate results. 
7.2 Advantages and Limitations of the DECK1 Program. 
In obtaining a complete three-dimensional analysis of a structure, 
it was inevitable that certain disadvantages and limitations 
would be created in the developed program. 
Basic assumptions about the structure may be in error, 
suoh as the structure being rigidly oonnected. Other disadvantages 
appear in the program restrictions, for example the confinement 
to orthogonal structures. Drawbacks occur with all programs. 
The usual one of system dependence is perhaps the most disappointing, 
as it prevents the immediate use of the program on other machines, 
and unfortunately this program is no exception. 
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The size of the struoture whioh oan be analysed is 
restricted by the size of the store available and software 
limitations inherent in the system. However, using an Elliot 
4130 machine with 64k core store plus backing store, the 
program can handle multi-storey structures of up to 500 nodes 
(up to 2000-3000 degrees of freedom). 
The data input and output section could be improved, sinoe 
only a basic format was used initially for the prototype program. 
However, the implementation of a more sophistioated system., 
suoh as that given for the TEEM program in section 2, is possible. 
Also the method of input data storage is ineffiCient, since 
each member's properties are stored independently, and an 
improvement would have to be undertaken. The output form is 
sufficient but oould be improved to handle user specifioation. 
7.3 Disoussion of Comparative Test Results of Section 6. 
It was intended that the results from the comparative testing 
would provide an insight into the variations in analyses 
obtained from different program types so that an attempt to 
simulate three-dimensional behaviour in a less complex analysis 
could be instigated. Also undertaken was an investigation into 
the effect of mesh concentration on structure and floor results 
from which came further information about the interaction 
between columns and floors. Finally a preliminary investigation 
into the use of three-dimensional sub-frames for determining 
beam forces for members of a space frame, without recourse 
to the full frame solution, was entered upon. 
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The comparative frame results in Test 1 illustrate the 
higher bending and in-plane stiffness of the clad frame over 
the bare skeletal frame. The effect of increasing the beam width 
in the less complex analyses, in order to account for the floor 
stiffness, has had limited success but improvements in all 
the loading cases were achieved by this approach. For the 
uniform floor loading, even with a beam width of the order of 
1/9th of the span of the slab, the results were still some way 
short of what was required. However, for the sway and twisting 
load cases, the 700mm beam width does provide reasonable 
comparative results. In the beam supported case the best comparison 
of column forces with those from the DECK1 analysis were obtained 
from the moment distribution of the plane frame assuming a 
triangular loading pattern on the beam. Here the beam was 
considered as a tee section with a flange width equal to 1/6th 
of the span of the slab. 
The tests on meeh density to establish its effect on floor 
and structure solutions did show that, in order to provide 
floor repreeentation in an analysis, it is not generally necessary 
to use a high mesh density. It appears from the results given 
that a relatively coarse meeh is satisfactory because increases 
in mesh concentration do not have large effects on struoture 
results. However, if detailed information of the floor behaviour 
is requ:,red a high meeh concentration will probably be necessary 
especially at locations of high stress. 
The investigations on the three-dimensional sub-framing 
were not completely successful, however, eome basic trends were 
-158-
established and a platform for further research provided. 
Sub-frarues for the internal members appear to be satisfactory 
with respect to the full test frame but the boundary cases 
have proved more difficult to simulate. Attempts using the 
recommended half stiffness for adjaoent beams did not provide 
the answer, nor did the various floor edge conditione described. 
For the sub-frames that were reasonably sucoessful it was 
established that one floor boundary condition was used in the 
best solutions. 
It is noted that the limited success was achieved with 
only the symmetric frames, and that the established sub-frames 
may not be successful for use with irregular frames. However, it 
is thought that the floor boundary oondition established will 
probably prove satisfactory in any sub-frames used for members 
in irregular frames. 
7.4 Conclusions and Reoommendations. 
From the foregoing disoussion it is olear that where only 
a simple analysis is to be used, due allowanoe for the extra 
stiffness contributed by the slab oould be simulated by an 
adjustment to the beam properties. It would appear that further 
work in this field would provide sufficient information on which 
to base recommendations as to how to assess these adjustments. 
It may be that, instead of ohanging member section properties 
it would be better to adjust the actual inertia properties 
individually. 
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The mesh concentration tests point to the fact that it 
is not necessary to have dense mesh patterns in order to 
achieve representation of the floor stiffness. However, if 
the floor deformation and forces are required, it may be 
necessary to have a finer mesh; but since the storage requirements 
are dependent upon the number of meeh nodes, these should be 
kept to a minimum, Thus further tests to aid the fixing of 
mesh ooncentration requirements for floor stiffness representation 
would be beneficial. 
The sub-frame techniques appear to be feasible but as yet 
the tests have only provided limited information. The mode 
for the floor boundary restraint has been recommended and 
guidance for future investigation is provided. It is expected 
that three-dimensional sub-frames will be established but 
further work on these lines is required. With the availability 
of such sub-frames it may be possible to instigate testing 
in order to establish beam sections for use in a Tee-beam 
analysis which simulates space frame behaviouro 
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8. SUMMARY. 
8.1 Summary of Completed Researoh. 
A new approach to the analysis of three-dimensional structures 
is provided in the DECK1 program. The techniques employed 
have proved successful and enabled a reduction of storage 
requirements. The program especially favours multi-storey 
structures due to its 'part-structure' condensation process. 
'rbe handling of the floor slab incorporation is of prime 
importance. The use of split modes and floor condensation reduces 
storage demands which are created by high density finite element 
patterna on the floor. 
The comparative tests undertaken have provided a better 
understanding of three-dimensional behaviour. The bending action 
of the floor deck is well illustrated together with its 
subsequent interaction with the whole frame. The tests have 
provided an insight into the problem of approximating complete 
structure analysis by a simpler frame one using revised beam 
sections. 
The sub-frame investigation, although not providing 
full iniormation for the specification of space frame member 
sub-frames, does provide fixing reoommendations for the floor 
slab boundary. Despite being of a limited nature, the results 
do ~iv~ encouragement to the hope that these sub-frames can 
be fully established. 
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8.2 Suggestions for Future Work. 
The program, as it stands, is not complete but does provide 
a new approach for the commissioning of a more thorough 
user-orientated program which would include the improvements 
and refinements to the techniques employed in DECK1, as explained 
in earlier sections. 
It would now appear that for the final stage of complete 
structure analysis, the incorporation of wall elements would 
be required. The present work provides ideas as to how to 
approach the problem with regard to storage reduction. However, 
problems such as wall/slab continuity would produce difficulties. 
The comparative testing has provided information on how 
to approximate space frame analysis into a simpler mode whilst 
accountlng for floor action. It 8hows the limitations and 
restrictions of the various techniques applied, with special 
emphasis on the effective beam width. Unfortunately the work 
is by no means exhaustive and there 8till remains a large area 
of investigation to be undertaken. A key to further work may 
be provided by the use of sub-framing which was also investigated. 
It is believed that it would be beneficial to establish full 
specification of three-dimensional sub-frame8 for space frame 
members in order that comparative testing on a sub-frame level 
could be undertaken. From this it may be possible to set up 
recommended effective beam widths for assessing the extra 
stiffness of a floor clad space frame by means of a plane frame 
analysis. 
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COMPUTATIONAL ANALYSIS OF 
MULTI~STOREY FRAMED DECK STRUCTURES 
APPENDIX 
Algol listing of DECK1 program. 
A program for the elastic analysis of orthogonal 
spaoe frame Btructures inoorp~ratil1g flbor sla,be. 
September 1974 . 
1 
I 
J 
A brief summary of the basic program parameters is presented 
below. The input data is given in the required sequence for 
the DECK1 program. The 'Program call name' is the program 
identifier where the specified data is stored. 
Program input quantities. Program call name. 
1). Elastic moduli. 
Young's modulus. E 
Shear modulus. G 
2). Formal parameters. 
Number of structure joints. JOIN 
" " " members. MEMB 
" " floors. FLOR 
Maximum number of structure nodes 
per floor. ' NODE 
Nrunber of floor types. 'ryPES 
NU :1:bcr of s trncture restraints. 
3). Floor parameters . 
1,;8xi. 'nurn nwnber of elements per fl oor . 
" " 
" " " 
restraints per floor. 
mesh points per floor. 
l~LM 
4). structure coordinates - one set for e3 ch strl~ture joint. 
x - coordinate . 
Y " 
t: - " 
5). Me mber properties for beams and columns -
one set for each menilier. 
Member end node I. 
II II II J. 
Area of cross-section. 
Inertia about Y-axis. I y 
" " Z-axis . I z 
Polar mOlll~nt of inertia. J 
6). Struct1L1.'e restraints - one se t for each re s t rain t. 
HestrQ.ined node. 
Mode of restraint. 
7). Floor type specification . 
Floor type numbers l.i.sted in ascending sequence 
of floors. 
Nos. fl to 14 refer to a particular flo or type and [u 'e 
repeQ.ted for each t ype of floor. 
n). ~ peci fy floor type . 
9). l"l oor type parQ.'~otcrs . 
Nwnbe r of mesh points on floor. 
xc 
YC 
ZC 
CON 
CON 
PAn 
PAR 
PM/. 
PM/. 
R::;'l' 
ns'l' 
rpyPE 
I 
SPl" 
: I 
I 
;~uJl1ber of structure node s on floor. EPF 
" " cle:nents on fl oor . 
" " r'1:' !:3 trClin ts on fll)()r . spy.' 
10). Floor pro perti es . 
PROP 
Poisson ' s Hatio. PHOP 
'rhickness of floor. PROP 
11). OrdereLl list of storucture/Door connections. (cf. No . °15) 
Listed for structure node ascendinG' order -
mesh point:' r oinciden t wi tll structure nOlles . IF 
12). Flonr rentraints - one set for each restraint. 
RestraineLl mesh point. LINK 
J,lo,le of restraint. LINK 
13) . Element connection list - one set for each row of elements. 
Sl emen t s are listeJ in rows taken in the X clirecti on 
on the floor. 
Nwnber of elements in row . 
t~sh points of first element in row 
i, j, k , 1. 
°14). l"loor :nesh coordinates - Ol\e set f or each mesh point. 
X - coorJinate . X"' .. oJ 
Y - coord inate . Y:3 
15). Order0d list of structure/floor cOilllections . (cf. No . 11) 
.Listed f or strllc Lm:c node 2..s cendinc orde r -
one ~e t for each floor. 
S tl'ucture nodes coincident wi th mesh points. IPH 
l'he 10Clding <lata i.np\\t is defined as f ol lows :-
'16). Uniformly distri butecl 10Q,u i ng on floors. 
IIDL listed in type a scend ing order for all floor types. 
17). Pl oor shear loauing - one se t for each fl oor type. 
a) . Floot' type. 
b) . LoadinG' - one set fo r each load. 
~lesh point a t which load is applied . 
Va lue of load. 
'rype of load and it s direction of action. 
18 ). structure loading - one se t for each floor. 
a ) . Floor number. 
b). Loading - one set for each load. 
J oint at which load is applied. 
Val ue of load. 
Type of load LU10 its direc tion of ac tion. 
~'nd of input data def inition. 
No t es on data input. 
~ Structure nOlle munberin.:; mus t follow a sequentia l system 
fr om floor to fl oor. i . e . one floor must be totally numbered 
before movin~ on t o the next . 
2 . Floor mesh numbering i s assmled to be fixed for X-direc tion 
l1lunterin.:; . I f Y-di rec tion mUllbering is unu ertaken th en for 
13. above elemen ts wil l be lis t ed in rows in the Y-direction. 
~ None of the i'orI;]al parameters in 2 . s hould be ze ro. If 
the va l ue j,s o.c tuo.lly zero u::.; e 0. dWlllllmy value - 1. This 
s ho uld only happen for those variables connec t od with th e floors 
- where individ ua l val ues a re def ined l a t 0r in the inpllt. 
I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
II 
14 
15 
16 
17 
18 
1 9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
ALGOL 4100 
DECK11 
II COM M E i JT II STIr r "J t S S t1 A T R 1 X A N A L Y S ! S 0 r ASP AGE r R MI E 
I~COR rORATING A r!rltT~ ELEMENT ~NALYSIS UF FLOOR DECKSI 
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" V A L U E" r, H. I ! • ~! I "I N T E G c f~ II Cit, N, I I , SEc J " A R R II Y " A J 
II B F: GIN " " T ;'./ T r:: (j E R " I ,.) I 0 LJ M H Y I "A H RAY II 8 ( 1 I 6 4 J J 
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" PliO r: ~ r U Ill " I 'J S TOR E ( FOR C E , DE r , F L R , V ) i 
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" F' 0 rl il I( , -1 a 2 , 3 "n 0 II 
" F 0 n "L I C 1 a 2. 3 "n 0 " " RE G 1 1111 
PI::tl~KI QI=Jl+LI 
T I :; l N + 1,1- P ) * ( P"l ) " I") I V " 2 ... D J 
U(1'jII:HtTJ+S'1(K"'S,L •• DJI " END "1 
II E Wllt 0 V S ~I ASS F,.. ) 
II PRilCE'DlJRE" HEEr(! ,J,S, SM,fORC E ) I 
" V A LlJ I; fl 1 a J • S , " I ~ I n~ G E R II I, J • S i " A R RAY " S ~1 , FOR C E } 
" UEillt-. "" INTI=C;ER " P, ')' I I,JJ,A,n , 
II A RnA Y II r 0 R , IJ 1 s [ 1 I 6 J ) 
III ~M1Nn ( t, J) / JJI::MAXO ( l,J ), AI:lI} B I ~J JJ 
I I I ~ 3. ( I I ;.; 1 ) , J J 1 ::;~ * ( J .. J -:l. ) I 
" F 0 i1" ~ I :: 1 " S T E P II 1 II U ~ I T I ~ " b " D 0 il r 0 Ii [ P J I = LJ I S ( P J I :t 0 J 
"roq " PI:i ,?, ~S "D()IIIIBEGII~" 
cIstPJI::FORCF.(ll·PJ J 
r ! s ( P + 1 J I = r U R C 1-: C J J +1-' ) I II t N D " , 
" r 0 ~ " P I I: 1 II S T E P " 1 " U ~I TIL. II 6 II [) 0 II 
" F 01 " ~ I = 1 II S TEl-' '' 1 II UN T 1 L. II 0 " DO II 
FO~[~JI:FOR(PJ·SM(P.QJ.U!S(Q~ I 
" P k 1 . ~ T " / I L ' \ J /I, L ~ G r J r: n ( h, 3 ) , DIG ITS ( 6 ) J 
" P R I ~ I T " I I L i \ , S 1\ t I F LIN r , A I I) , / / ~; 6 \ \ I 
" F 0 fl " P I % 1 II S T r: p il l. "U ~ J T I I. " 6 " DO II II P R I NT II SAM EL I ~J E , FOR [ P J I 
II E i0"" II I 
II PRJ C E !J I I k r: II I') E S H G r: N ( T Y , IS, I r , P , Q , '..1 E ~ , S , FLO R 11 X , R 0 \-.1 , S \-I ) I 
" V A I. U!; Ij T Y , ! S , IF, ~ ~ E 1'-1 , S , ;) W I II I tIT E G ~ R II T 'I' ,IS , I F', ~I E i"1 • S , S \~ I 
II 1 ~H r: G [R I I II AR k A Y" HOW 1 II A I? RAY" P, Q, r L 0 H ~~ X 1 
521 
522 
523 
524 
525 
526 
52i 
528 
529 
530 
531 
532 
533 
534 
535 
536 
537 
538 
539 
540 
541 
542 
543 
544 
545 
546 
547 
" 540 
549 
550 
551 
552 
553 
554 
555 
556 
557 
5~8 
559 
" 560 
561 
562 
563 
564 
565 
566 
567 
568 
569 
570 
571 
572 
573 
574 
5i5 
576 
577 
578 
579 
5an 
II [l E 1 I ~ ii II I NT E (] E R II t, J , K , " , N I 
II I j\J" E ('l E hi II " A ~ h' A Y" P N T C 1. I '1 E S H " D ! V " 3 j J II A R RAY" S M ( 11 6 , 1 , 6 J J 
J 1:110 J 
II F' 0 R II I : :I 1 II S T E P II 1. II \J N TIL. " E P r C T Y , 1 J II DOli 
118 Ei1I I\IIIIIFfi Q~TY,tSJIINE"QCTV,!J "THENIIIIGOTOIl NOM ESHI 
II ! J;' II I = I S II (l R II I = IF" T H t: ~I" II G L) TOn NOM E S H I 
1'1 j ~~ II reT Y , I J < peT V , IS J II THE N" fI GOT 0 II NOM E S H J 
Ii I ~ II reT Y ,y J) peT Y , I F J ilT HEN" II GOT 0" NOH E S H I 
, 11 ~ J.l1 PNTCJJI=II 
NOMESHI IIE ~D "1 
N 1 = J I 
ASr~ND(PNT,P,TY,N)1 
M I = , I _ t I : I S J 
RET. ~t=M+1J 
II IF''' ~ > III Ii T ~ E N II II 8 F. GIN II J,!II I F I II 00 TO" F I x J "E NOli J 
JI:J:)NT(HJI 
rIX I S~frF(S~,I,J,XS,ys,MEM,TV,PAR,S,SW)1 
il I F'" S ~ = 6 II T H F: ~J " S ~I A S Cj E ~ I ( R 0 ~i C I J , R () VI ( J ~ , S ~I , r LOR M X , 3 * E P F' C T Y • 11 ) 
II E L ~ Ell 8 F. r: r ( 1 , J , S , S ~I , n. U R ~I X ) , , 
t I II J J 
II I F" II ~ < N + 1. " ,. foI EN " II Q 0 TO il RET J 
II ENn II o~' HrSHGEN I ' 
II PROceOUREfi AOD8~AM(rT,~,E,G,S,FLORMX,ROW,SS)J 
II v A L lJ r: II FO" ,,,, , E , l, , S , S S J "1 N T E G E R II F' T , N , S , S S J II R E. A L II E. G I 
II A R R A V ii n:: 0 R M X J "! N T E G E r~ " II A R R " Y II R 0 \./ ; 
II 8 E 11 I 1\ Ii il I N l' F. G E R" r, J , K , ~1. IS. I r , F' L R , T Y , S W J 
II 1 F II S S ) 0 II THE N II II I) E GI N II F' L R J I!! F T J T V 1 = T Y PEe F'L R J, II f- N n II 
fI E L S E " II g E !J I N II II F' 0 R II I I z: 1 II S T E Pill "U N TIL II FLO R "0 0 II 
IIB E GI NIIIIIF'II TVPE(!J::F'T "TH E N" : FL.RI~I' 
T Y , ~ F' T i " U l D II J II END II , 
"I F' '' SS-100 lifHHll1 SWIJ:O II EL.SF. II SWI;:SS, 
II I F' II S W = 1 II THE N II II g E GIN II 
"PRIN T'" 'r\\, 
" I r II SilO II T ~ E ~ II II fj E GI N II II P R I NT II / I L \ \ , 
I BEAM ECEMENT fORCES • FLEXURAL I FLOOR ~,SAMEL.INE,rT1 
II P R I ,'J Til' I L i \ , S A ~ I F LIN r , I E L E 1'1 r: ' I T NOD F: S'S 1 0 \ S Z 1 I S 8 \ M X 1 / S 8 I ~I Y 1 , , 
i I S 8 i S 2 2 I S 8 \ M X 2 I S 8 \ H Y 2 " ii END nilE L SE" 
II 13 E1 I ~ ii II P R I \j T " / / L \ I , 
BEA~ ELEMENT PORCES ~ SHEARI fLoOR ',SAHELtNE,rrl 
II P R t tJ T nil C. \ i , S M1 ELI r,1 E , I E L E MEN '!' ~jQ DES / S 1 0 ' M Z 1 / S 8 I A Xl ' S 8 , S Y 1 \ , 
'i sa\MZ2 i S8 I AX2 I S8'SY2', "ENDn, 
" EN~ IIJ 
II FO~ II 1'1 1=1 IISTFplI 1 IIUN Tlb ll HEMS iiDOn 
II 8 E '1 I ~ ii I , =I C n N [ M , 1 ) I J I :; CON ( M , 2 J I 
" 1 r II A B 8 ( Z C r I J I!I Z C C J ~ ) > 0 I 0 0 0 1 II THE /oJ II II GOT U II NOB E A ~ I , 
II IF''' Z C C I J II t-I E II Z r, C I P R ( r L R , 1 J J "T ~ E N il II GOT 0" N 0 FLO R , 
II f1' 0 R II K I 1:11 ii S T E P II 1, Ii UN TIL II E pre TV, 2 J II DOli 
"B EfJI I\Iilll r fl I=lPRCFLR,KJ II T H E~111 ISI:;IPCTY,KJJ 
II I F' II J Cj I PRe F L R , K J II THE ~I" I Ii I :; I peT Y , K J J II END II I 
III F' " ABr:;(Xsr"Y.ISJ"XS(TY.!FJ)~O,0001 "TH EN ""B EGIN II 
"I FII 'VstTY,YSJ>vSCTY,IFJ " THE~I"18 EGIN " KIQISJISIs:IFIIF"I:;KJ 
II E N n II J H I:. S H G r: ~ I ( T Y , t S I 1 r , Y S , x s , H , S • F" LOR M X , R 0 \oj • S W ) J II E I~ 0 II II E L SEll 
II 0 E fl r ~ It II I r II x seT Y , I S J ) x S ( 'f Y • I F' J ji THE i J II II B E 0 [ I~ II K I ;: I S J I S I : ! F' I 
1 F I Q K Jilt N D II J N r. 9 H (, E: N ( T Y , IS, I r , x s , Y S , M , S , F'L 0 R f"1 X , ROW, S W , J 
II ENn ll J 
NOF'LORI 
NOBEAMI 
II EN '1 11 I 
II E N "1 il 0 rAn n 8 E A M J 
II P R 1 C Hl LJ R E II C () L LJ H N ( [) E F , CON, XC, Y C , Z C , PAR) J 
t ' 
81 
82 
~ a3 
84 
85 
86 
87 
:. 88 
j ~~ 
: 9~ 
; 92 
! 93 
194 
195 
' 96 
', 97 
/98 
i99 
,00 
,01 
,02 
,03 
104 
,05 
,06 
,07 
,,08 
i',09 
i ~ 10 
:111 
\12 
",13 
·, :1,4 
,15 
) 16 
)17 
)18 
',19 
)20 
)21 
;22 
~23 
~24 
,25 
626 
~2i 
~28 
629 
630 
631 
632 
633 
634 
635 
636 
637 
638 
639 
640 
"IN1' EGEH tI"ARHAY" (jor~ i IIARRAYti DEF' ,XC,YC,ZC,PARJ 
" 8 E ., I " Ii " IN'" F. G E f~ " r, J , M I " 1 ~ I T F. G E R il " II R RAY" P I I~ C 1 I 1 ~ I 
" P R ncr: D lJ R E" FOR C E 9 ( I , C 0 t~ • PIN, XC, Y C , Z C , LOA 0 , PAR) I 
" V A I~ U F; ~ I I "I ".JT F G ~ 1/ " ! I II li'~ or F. G E R ii II A R R A V I' CON, P t N J 
" R F. A L " II A R R A V" XC, Y C , Z C , LO A D , P II R ; 
" 1:3 E !l I " II il 1 ~JT E G E R" .), K K , I I • J J I " II E ALii" A R R A V" LA, LA TC 11 3 , 11 ~ J , 
I.1HC1112,1112J, 
C [ 1 I ,5 , 111 J , 
"F'O '1 11 JI=1,?,.3 "DD" 
II F" 0 R " K K I = i , 2 , 3 II no" L" C J , K K ) I Ii l. ATe J , K K ~ I = 0 1 
J J I = ~ I r " CON ~ ! , 1 ~ < C () N ( I ,2 J " r HE Nile 0 N ( 1 , 1 J II E L SE" CON C I , 2 J 1 
K K I = I' IF''' CO ,\J ( l , 1 J )0 C; 0 N [ I , 2 J " T H F. N 10 CON ( I , 1 J II E L SE" C 0 ~l ( I , 2 J 1 
" I ,. " A A S ( X C ( J ,J ) '" X C ( K K J ) > 0 , 0 0 0 1 "T HEN II II GOT 0" E X J 
" IF'" A B S ( Y C r J J ] '" Y C C K K J ) > 0 tOO o:to II THE N " II G () TO" \oJ H Y I 
" I F' II A 8 S ( Z C C J J J '" Z C C K K ) »0 tOO 0 ~ II T ~ E N il II G n TOil ZED J 
EXI "IFo" X C~K KJ>xr;[JJJ "THEN" 
ii B F. GIN II LAC i , :I. J ; :: CAe 2 , 2 1 I = L A r 3 • 3 J I ~ 1 , I, END II 
II E L S E " II B P. G 'y N " LA r 1. , 1 J ; :: l. A [ 2 , 2 J , :: "11 l. A [ 3 , 3 J I = 11 
"GO TO " Ar'JAINI 
"END", 
WHY I "I F II Y C r ~ K ~ > y C ( J J JilT H E I~ II 
" BEGI N"LA (i, 2 J:=';1ILIIC2,1l'=LAC3,3JI~lJ "END " 
" E L S 6 " II 8 ~ G ! 1\1 ii LA r t , 2 J I p: LAC 2 , ~ j I ;;I tot 1 J LA [ 3 , 3 J I :: 11 II E I~ 0 II 1 
II GOT 0 II A !1 A t N J 
ZED I II 1 r " 2 C C K K ) )0 Z C [ J J 1 " THE Nil 
"8 EGI N"L"r1, 3JI=~1 ILAC2,?J' =LAC3,lJ ' ;;l J "EN\.)II 
II E L S {; II II 8 P. GIN II L II r 1 , 3] I ~ LAC 2 , 2 J I = 1 ; L II ( 3 ~ 1 J I iii'" 1 J II E ~l 0 II J 
AGAINI TRANS(LA,~AT,3,3)1 
JJI=(JJ~1)*6J KKI=(KK-l)*6, 
HE'HlF.R( I .11M,cON,PI I'J, XC,YC,ZC,PAR) I 
" F 0 '1" J I = 1 "S i E Pill "U N TIL." b II DO il "0 E GIN II 
I 
1 
XV RC'HJ.1j l : LOI\DCJ.JJJI XV ECTCJ.6.1JI=LO ADCJ+~KJJIIEND"J 
" F U 111 K k I I: 0 • 3 • 6 , 9 li DO " II 1:3 E GIN II 
II F' 0 R II j I .: 1, 2 , 3 II 0 () II VEe T C J • :!. J , :; X VEe TC J" K K • 1 J J ' 
/oJ ATHIJL l' ( I. AT, vEeT, c, 3,3,1' I 
" r:'I)Rii JI=1,?,3 "nO"XV ECTCJ" KK,lJl z CCJ.1J J "END'." 
~ATMUCr(MM,XvECT,FVtCT,1?,12,1)J 
DIGtTS(3)J ALION ED (5,2)' 
" P R tNT ii ilL \ \ , S A tv! ELI I~ t , C u N ( 1 , 1 ] , I ;.; \ • CON ( I , 2 J , I I S ~ \ \ J 
" f 0 q II J I = 1 "S T E P " 1 II UN T 1l.. ,I 1 ~ .. DO " 
" P R r I~ T II SA H £: L I ,\J E , F' V t: C T [ J , 1 ~ J " F. N D ,i J 
"P RtNT" li r i'l 
II p n t ~n" i i L \ \ , S M1 ELI N E , I COL lJ M N r 0 R C E S \ J 
" P f~ tNT Ii I, L i \ • ' ME H B E R I S 1 0 \ ~I X l' S 6 \ MY 11 S 6 \ M Z l' S 6 i A X l' S 6 \ S'( 1 \ , 
I I S (I \ S Z 1 I S 6 \ H X 2 I S fl \ 'I Y 2 I <) 6 \ M Z 2 I S 6 \ A X ? I S 6 \ S Y 2 I S 6 \ S Z 2 \ I 
" F 0 q " H I Z 1 Ii S i E P" 1 "U N T I 6 II ~l E M 8 i, DO" 
"B EIjI "il II=CONCM,lJI JI=CONCM,2)i 
"I F" ABS(lCr.I'",ZCCJJ)O,OOl II THEN ""GOTO" COL 
" F. L S E il " GOT 0 II E X I T J 
COC, rORCeS(M,CON,PIN,XG,YC,ZG,DEF,PAR)J 
EXI T. EN'''I 
ENT1" or COLUMNJ 
PR1C~OURFn SHEARLOAD (L J,RO W, TY,s,SH )1 
V A I ~ U E Ii T Y , S I " I hJ T E G E R II T Y , S J 
A. R ~ A 'i Ii L D , S HI" I : ~ T ~ G E R " " A f~ Ii A Y II R 0 \Ii I 
13 E 1"') I " " " IN'" F. G E R" NO l, 0 AD, J T , 0 I R , I , iI, T PI" REA L II: V A L J 
A LtG t\ Ell ( 5 , ~ ) I n I G ITS ( 6 ) I 
"I F" 5=1 " jL.lFN" II GI')TO II SHEAR) 
" F 0 1'1 I I = 1 II S T F. Pill II UN TIL." 3 .. M E S H "DOli S H ~ T Y , I J I :: 0 J 
" R E II 0 i, ,. PI" P R I N r " I I L ~ \ , S A ~I ELI N E , i T Y P E \. T P J 
II IF" 'r Y i, N F. il T P II T H ~ I~ " II B F G I Nil .. P n I NT II I I L ' \ , 
r 1 
I 
I 64l. 
642 
643 
644 
645 
646 
647 
64f1 
649 
650 
651 
652 
653 
654 
65~ 
6 56 
657 
658 
659 
660 
66~ 
662 
663 
664 
665 
666 
667 
668 
669 
610 
671 
672 
673 
674 
6'75 
67(; 
677 
678 
679 
, 680 
6a~ 
682 
683 
684 
605 
686 
687 
688 
689 
690 
691 
692 
693 
694 
695 
696 
697 
698 
699 
700 
~ k'ROW; TYPf: I l.OAD I NG SET TO ZFRO ~ \; 
GO l' 0 It k X I TIl/ E ~J D II J 
READii NOLO ADI 
PRtNTiiiiLli,SAHELINE,ISHEAR L.OADINGI ',NOLOAO,' l.OAOS~\1 
I r II ~ 0 L U A D III 0 ",. H Fi N II II GOT 0 I, E X I T I 
PRINT~iiLI \,/JOI~T VALUf nIREcTION'1 
F 0 !:I Ii i I = 1: 1/ S T E P \I 1 II UN T 1 \. ,I N 0 LOA D "0 a II ' 
I:l E ('l I ~ ii 1/ k E An" J T • V A L. , n I k , 
PRtN~iii IC\\,SAMELINE.JT,"S2\',VAL,"SA",OI~' 
111=~*(JT~1)1 III=lI+DlfH . 
SHr.TV,II~I=SHCTY,It~·VALJ 
II EN 1) il J 
SHE A R , II ~ 0 R " I I II 1 " S T e p II 1 II U 1,1 TtL" E P f [ T Y , 1 J " DO II 
"BEGIN II "I~T r:GER Il J,K,l.1 
"FOR" J'1I1!2,3 onO""B E()IN If 
K I R RO ~ C r ~ I 
K , ~ 3" ( ,< ;';'1 ) ,j. J J 
Ll=3*(I~1)"'J' 
LDCKJ I~SHET Y,CJJ 
"END" I 
ii END Ii I 
E X I T I Ii E ~J D ,', (') F' SHE A R L. 0 A 0 J 
"PRi'lCIHlUR En STRESS(P,E,T,A,B,H,F'AC)I 
II V A CUE If P, E • i , A • 8 , F A C J liRE A L" P, (5: , T , A. , R • F' A C I 
IIR E~Lii iiARRAY" MJ 
"B EnI ~iiIREAC.1I R,S,V.U,W,X,Y,Z,Pl,P2,r,K1,K2J 
"IN'TGO E(.:/ II I.JI 
iiPROCEDun E" TWISr(ES)I 
Ii A R RAY" 11 S J 
IIl3 EI1I /lIIIIARHAYII A T~1 '3,113JJ tlREAL" WJ 
"INTEGER" 1,JI 
"FO I~ lljl llll ,2,3 1100 11 
II r01-lIL~11II1~. 2.3 IIDOII"BEGII\JII . 
wl=~srf,J.3'J ESCl.J·3JI=ESC!,J.6JI ESCI,J~6J'=WJ 
WI~~sEt~3.J;9~'ESC!.3.J·9JI~ES[I.6,J.9)J ES[1~6,J+9]'~W' 
"E N n II I 
IIro~" 11;::1,2,3 "DO" 
" FOil II J I = f " S T E P" 1 "U N TIL" 3 "0 0 II " REG I (.J " 
WI=~~r.i.6.J.6~1 ESCI.6,J+6JIr:;ESCl.3.J.3~1 ESCl'+3,J+3J'.W i 
II E I~!) II I 
liFO R it i I :: 1 , 2 ,3 II D n " " F' 0 R " J , = 1 , 2 , :3 jj 00 II Air I , J J I ;; E S [ I + 3 • J + (., J J 
II ron il I I 11: j. , ? ,..5 1100 II " FOR" J , ~ 1 , ? , 3 ji 00" ESt I +;3 , J + 6 J , 1:1 A T ( J. r J J 
li EN 0 II 0 r l' \~ i S T , 
"FOfliiY' =1 "STf=P"1"IJNTIL."12I1DO" 
II F' 0 R Ii j , 1:1 1 ij S T I:: P II 1 " UN TIl" II 12 II 00" Mel. J J , ;:: 0 J 
pl';::(i~O~P)/2J P21=(1,O+P)/2J 
RIQ4'(H*8+Pl*A-A)1 SI~4~(A*A.Pl*A*B)' 
V; =3*A*8* r2J XI=3~A*8*(Pl~P)1 
Ul~2*(pl*A.Ae2~B*B)1 W;=2~(8.B.2~Pl*A.A)J 
YI .2. (A * A ~2*Pl~8*8 )1 ZI=2~(Pl*8*B~2*A.A)1 
F'=(6.T)/(12*A*B*(ltO~P.P»J 
Kl'~E*T*T*T*F'AC*8/12/r/AI 
K21=S*T*T*T*PAC~A/12/F/BJ 
" rOM II I' II; 1 , 4 , 7 I 1 0 If f) 0 II II [3 E GIN II Mel. 1 ) I :II 4 .. ( K 1. K ~ ) , 
H~l.l.I.l~iaRJ MCI .2,I"'2J,~S I IIF-NOII, 
Me 4 • 1 ~ I I: ~I r 1 0 • 7 J I R 2 .. K 1 J M C 7 , ~ ] I = M [ 10 , 4 ~ 11112" K ~ , 
MC1~.2~II:Hr~,5JI=~R/2J MC12,3JlaMC9,6);=-S/2, 
M(8,2J'I:NC1\.5JI~W, M(5,2JI~M[11,8JI=UI 
M(6,3~I = MC1?,9~I~YJ MC9,3JI~~[12,6JI=ZI 
M[3,2~I=H(8 .6JI ~HC9 ,5Jl a MC1 2,~1]I~ VI 
I I 
701 
702 
'703 
70-'1 
705 
7 06 
707 
?08 
709 
710 
711 
'12 
'713 
'714 
'115 
716 
717 
71 8 
71 9 
720 
"721 
722 
723 
724 
725 
'726 
727 
728 
729 
'730 
731 
732 
733 
734 
735 
736 
'1 37 
738 
739 
'7 4 0 
'74;1. 
'42 
743 
744 
74 5 
746 
'747 
748 
749 
? !:S O 
751 
192 
753 
754 
7 55 
756 
757 
758 
759 
760 
M(6, 5~ I ~M(9 .8JI :M C1 1 .3JI = M(12,2JI ~~ VI 
M[5,3~I=MC9.2JI=MC11,611:MC12,8JI:X I 
MC6,2~I .M r8. 3~i~MC11 ,9JI ;M(12 ,5]l u~ XI 
"ro ~ " 11 =1 " STFP " 1 "UNTII.." i? "D O" 
II r 0 q " J I = I II S r t: p " 1 II UN T I h il l? II D () II " BEG I Nil 
11 [ } I 1 J I = H L .J, I J '* F' , M [ I , .) ] I = M ( J I I J J II E I~n" , 
TWI<JT tt,ni 
"r 0 R" I I =:t. il S T E r" 1 " U ~I TIL " 12 " U 0" 
II F' 0 R II J I = 1 Ii S T E P II 1 " UN: r l. " 12 II 00 " II 8 E 0 I N ii 
HCJ,I'I=Mrl •• J)J " END III 
" EN i) il O~· S" R f:. S S J 
II PRO C E D U R E i, r L O~· r X , T Y , ~1 , l. 1 N K I Q , N,H n W , FLO R ~1 X ) J 
IIVA LUE " "Y~~I,Q.~JI "IN TEGE R" TY,M,Q, NJ 
,-, A f~ RAY II r L (l R 11 X I " I N T f: r; E R " " A I ~ RAY II LIN K , ROW I 
"8 ECIN"llt NTEGE nn I,J,T,JT,JJ,OJ 
"l F tt M::;O Il T~EN IIIIG n"O " OU Tl 
il FOR II I I -1 il S,. E P II 111 UN T I I. " ~1 " D (') II II 8 E GIN II 
JTI ~ LI N Kt T v,I,tJI Ol=LINKCTV,I,?J J 
flIF'1I Q;;O " ll-lF!N llfi 8EGIN" 
" IF''' 0 ')3 ii,. H P ~ J II fi Ci 0 TOil E X tT Jilt NO" J 
" I f:" II Q :; 1 il T H h N " jf 8 E Q IN" 
" I r" 0 ( :~ II 'T' HEr J " II GOT 0 II . F. X IT, " END " J 
II IF''' D ) 3 ii T H F. N II D I :: D ~ :3 , 
JI = i~OldJT)1 
JJ I =3 * U;';':\. ) . n J 
T I ;; ( I'J ... ~~ ;.; .J J ) * ( J J ~ 1 ) 11 D tv" 2 ... J J J 
FLO ~ 11 ~ ~ T J I :: 1 0 I 0 • ? n I 
6 X I T I " 1:3 ~ D il I 
OUTI 
" E :,1 D 11 0 ~ FLO r r X I 
" PRINT ""L\\, ' STRUCTUR E COCRDINATES\, 
"PRINT '" iLii, i XC vc 
ii FOR II I I :111 " S T E pit 1" U I~ T ! L II J 0 I Nil DOli" A E GIN" 
"R cAD Il Xr:Cfj.YC ( tJ,ZC[IJI 
II P R I "J T " , i L \ \ • SA HE LIN E , )( eel J , Y eel J , Z C [ I ~ J 
II PRINT ""Li\.IMF:H8ER A r~E:: A IV 1Z 
ii F' 0 R II 1 , II 1 fi S ,. E P II 111 U N T J L II ~1 E M B II 00 II 
"B EGIN" 
Ii REA 0 II C r, N f i , 1 ~ • CON C I , 2 J I 
" P I~ I NT II , I L i \ , SAt IF L I t~ E , CO I\j t t _ 1 J , CON C I • 2 ~ I 
J \, 
il FOR II J I = 1. , ~ , 3 ,4 II DOli II R 6 AD" P A. R ~ 1 • J j J 
" F'OR IIJ I=1,2,3,4 il nO""P RINT " SII.M6LINF.,PAR(r,JJ J 
" Ef-,JD III 
Ii P R I r~ Til' I L i i • IRE S ,. R A 1 NT S I \ J 
II PRl ,'J T""L'i,1 NODF VARIA8L,E\' 
II F' 0 R " I I ::t 1 il S ,. E P Ii 1. II U N TIL II HE s r II 0 0 " II 8 E GIN" 
) 
zq \ I 
\ 
" END III 
" REA 0 II R 1 T t i , 1 J IRS r C r , 2 J I II P R 1 NT II I I L \ i , SAM ELI N E , R S Tel , 1 J , R S T [ I , 2 J J 
" E N D II I 
Ii F' 0 R II I I ;: :1. il S ,. E P ii 1 " U NT ll." F' LOR II DO" 1\ REA D ii T Y P F.: L 1 J I 
RET11 II RAAC ii I.F.prCl,11, c PF'(1,2J.ErFCI,3J,EP~~ (I,4JJ 
II PRINT ,,'iLi\,I T,(PE MFSH ~ODES EL,EM9 LINKS\, 
" P R I NT II I 'L ii, S" M F. L l N r , t , -. P F ( I , 1 J , E P r ( I , 2 J , E P F ( I , 3 J • E Pre I , 4 ~ J 
II REAO " PQOptl.1J.PROP[I,2J,PHOPCI,3JJ " PRI I~T""L\~.I Y~ r,R: 
II P R I N Til' I t. i \ • S M1 ELI N F. , PRO PC! _ 1 J , PRO pel , 2 ~ , PRO pel , 3 J , 
TH I \ J 
II FOR II J I :: 1'1 S,. F. P " 111 U ~ T I I. II F: P F' C I , 2 J Ii 00 11 II R tAD III P [ I , J) , 
" P R IN" il I , C \ \ , I n, 0 0 RIC 0 L NOD E S \ J 
II P R I NT II I I L \ i J 
" F" 0 R II J I : ~. " Sir! P Ii 1 11 UN TIL II E P Fe I , 2] " DO" " P R ! NT II SAM ELI N e • 1 pel, J) J 
" I F il E P r r. I • 4 ~ = (1 jl THE Nil" f1 0 TO" I\. V 0 I 0 J 
~ 1 I . 
r 
761 
762 
703 
764 
'765 
766 
161 
768 
769 
770 
771 
772 
773 
774 
775 
776 
777 
778 
'779 
'780 
761 
782 
783 
784 
785 
786 
.,87 
788 
'89 
'90 
791 
792 
793 
794 
795 
796 
797 
798 
799 
800 
801 
802 
803 . 
804 
805 
806 
807 
808 
809 
810 
811 
812 
813 
814 
815 
816 
817 
818 
819 
820 
II P R 1 N i"; i L \ , , I F' L 0 0 R RES" R A I NT S \ S 
" F (') R Ii J I = 1 il c:; T E P II 1 11 U' ~ TIL II E P Fe! , 4] " nO li II REA 0 II L l l~ K C 1 , J • 1 , , 
L 1 I~K t I • J. 2] 1 
" FOR " J I Q 1 il S T E P " 1 il UN TIL " F:- P F' [ I • 4 J II U 0" 
"PRINT tl I / L\I,SAMELINF,LINKCr,J,lJ.LI NK CI .J.2) , 
AVOID I 
" REI'l~ ~iiI I N "EGER " A,tl,C , DJ 
ii PR I NT" , /l.\ \ ,I rCs 1Si ELE HENT or ROW " 
SIIIOI 
RET21 " RE,\l)il ~,A , 8,C.D' 
"PRINi"I'L~ \ ,SAH8Lr N F.,p, 1 ..... \,A,8,C,D I 
"ron " KI:;O " STEP " 1 " U N Tl~ " P"l li DO " 
11 8E"I ~ it SI=5"'1 1 
S C , N t S, I • 1) I :I A. K , S C 0 I~ ( S, 1 , 2 J I :118. K J 
SC~ N ~S,I.3]I~C~ K I SCONtS,l, ~ JI~D.Kl 
II EN" il , 
" I r Ii s ( err r T , 3) " T HE N" II GOT 0 II RET 2 J 
"EN" " , 
II P R IN,. II I I L , \ , ; F" L 0 0 R ~ E sHe 0 0 H DI N" T E S \ , 
" PRINT "'i L,\ I ,; XS Y5 '1 
Ii F' 0 R II J I I: :I. II 5 " Iii P II i ii U N TIL " E P F' C I , 1 J II 00 If ii il E GIN II 
fl RE A D" X S r. i , .J j • Y S L 1 , J J J , " P R I ~J T If I , l. ' , • SA H ELI N E , X S L I ~ J J , Y SCI , J ~ J 
il END " J 
" 1 F' II 1 < T Y PES If T H F. N " " GOT () li RE T! , 
"PRINT " l iL, I , ' STRUCTURE/fLOOR NODES 'I 
" F 0 fl il I I I: 1 li ST E P" 1 " U NTH. " F'L 0 R ii D a it 
" BEG I N II II P ~ ~ ~~ T II I ' \.. \ \ J 
II r 0 H" J I = i "s T E P Ii 1 " UN: ! l. " E Pre T Y PEe 1 ] • 2 J "D 0 " " RE A 0 II I PRe I • J) , 
"F'OR " JI=1iiSTEr " 1 " UNTIL. " EPF"CTVPECIJ.2~ II DO " 
" PRINT II ~A~E::LI N E , IPR(l,JJ J "END"} 
" CO~H~NT " r[OOR COND~ N SA'T'ION SECTtO~" 
II 0 E t"l I t\ ii " I N l' F. G E R li NN , M M , K K • F L R , TV. C H • DOC, De l 
/1 I N T E G E R " II A R R A V n SE C F" , SEC S el l 2 - T V P Po 5 J , SEC N ( 1 1 2 - F' L 0 ~ J J 
" RE~L~iiARR AYII l.O I\ OC11T YPES] ) 
Ii P R I NT " , , r \ \ I 
If P R I ~J T " I , L 2 I \ , ' LO ll DIN 0 D AT " . I • ' I L \ \ J 
ALTG t\ Efl ( o.6 )' 
" r OR " ,. Y I I: 1 " S T P P " 1 " U N TIL" T Y PES " D 0 .i 
" I.:IE;1I~ il 
Ii R &i A D il LO A D ( ,. YJ J 
~PRINT ~' 'L".S AMELI NE, " S8 1 \. ' FLOOR TYPE ' ,T Y, 
I un\.. \,LO ~ D[T V J J 
II E N n Ii I 
" F' 0 R II G ~ I I: 2 5 , 26 , 21 , 28 , 29 li DO " DO PEN ( C H , 0 , 0 ) I 
NNlz;f2. NOOE J 
N N , = t\ ~J * ( N' 1 .. 1 ) " II I v " ? , 
T Y 1:a0 J 
RET3 1 iVt=1' Y.l ' 
MM'=3-~pr~TY,1~' P I ~MM J 
KKI="'M- ( f-1H·1 )" D! V" 21 
DO~I=3.EprrTv,2J' 
DO~I;P;':DOCJ 
DCI. ( P"'P.,OOC ) * ( DOCI!l1 )" nI VII 2+p, 
" 8 E (J I to. il " REA L " " A Ii RAY " FLO R M X C 1 , K K J , r LOR L 0 ( 1 1 P ~ J 
" INTEGER "" I\RRAY " ROI~~1 I EPF'CTY,1~J J 
" 1 ~J T F. G E R II Y Y I 
" r 0 1 " I I = 1 " S rEP " 1 II UN T I 1,. " K K " D 0 '1 FLO R M x ( I J I :; 0 , 
" F 0 Q " I I = 1 li ST E P" 1 "u t\1 TIl. II E P F C T Y , 1 J " n 0 " ROW [ I J I = 0 , 
" F 0 n " I I : 1 " S T E P II ;1. II UN T I ~ li P " DOli r LOR l, Del ] I :; 0 J 
e R 11 [ H ( R 0 l~ , P , ,. Y ) , 
82j, 
822 
823 
824 
825 
826 
827 
828 
829 
830 
831 
832 
833 
834 
835 
836 
837 
I 838 
839 
840 
I 841 
842 
843 
844 
845 
846 
847 
848 
849 
8!;O 
851 
852 
853 
854 
855 
8~6 
857 
858 
859 
860 
861 
862 
86:3 
864 
865 
866 
86' 
868 
869 
870 
871 
872 
873 
874 
875 
876 
877 
878 
879 
880 
" IJ E I'l I h Ii II IN" F. G E R!I K, l. , ELI 
II REA L II A. 8 • n • P P • A A • 8 n , Ij , Y ~I , T I " REA L II II A R fi A Y il ESC 1 I 12 • 11 12 J , 
AAI=R81=r'lJ 
UI:lLCAIJCTY~1 
" FOR " EL.I c: 1 ii S 'T' E P II 1 "U r~ T r L II E P F" [ ,. Y • 3 J " DOli 
" 8 E -, I t-. ii ! I I: S C 0 ~J r E ~ I T Y , j. J I J I = S CON r [ L • T Y , 2 ) J 
KI=SOOwCBL,TY,3JI LI=SCONEEL.TY.4JI 
AI.XSCTY.J~~XSLTY. IJI 81=YSCTY. I J~ YS rT y,K J, 
AI'ABS(fdl B' ~ AI3S(8)J , 
YM':PROP t T~.1JI PPI=PROPCTY,2J I TIEPROprTy,3J, 
OI=(Y~*i*T.T)/(12·(1~PP·PP) ), 
"I F" AA "N EilA "OR" 8RIfNE"1:l "THEN "ltS EGIN " 
rINITE (A. 8,D,PP,ES) ' 
A III ;: A / R 13 , 11 B I II END II , 
II=ROIHt3J 
J I Ii: f~ 0 'H j j I 
KI=ROI-HKJI 
L';R~\HC~I 
ASSR~BL F ( I.J,~,L,p,rLoRMX,ES)J 
rORM~OAn ( F~nR[D. U,I,J,K,~,A,8 ), 
"ENl1 " , 
ADD B E A M ( ,. Y '. 12 .. ~J 0 n F , E , G, 0 • n,,, 0 R ~I X, R 0 H , 0 ) I 
f(OrIX(1Ya EPFeTv,4J,LtNK.O,3 .. EP~CTY,lJ,ROW.rLORMX)1 
SLIM(rLORHx,rLOR~DIDOC,P)' 
iIEND"J 
CHI=251 
YYI 1I 2~"Y·1J 
TODISC (C ~,rLnRHX.SECPCyy~,DC~l.KK )1 
~OnISC (C H,FLOHLD,SEcr( YY +1J,DOC.1.P )1 
" F'OI1 " !1;;1 "STEpll 1 IIUN TIL, " KK liDO" FLORMX(IJlaOI 
" F 0 n Ii I I :: 1 II S ,. E P" 1 II UN T I ~ " P II 0 0 II F' LOR l. 0 C I J I.: 0 , 
" 8 E I') It-." II 1 ~J" F. G E I~" K, L. , ELI 
" REAL" A,8,n,PP. IIA, RB,T,F'AC,YH, 
IIR EhL 11ti 4knAyn ESC1112,1112JI 
AAI =881::01 
II F 0 f.l ll !:: L I i: 1 II S T E P" 1 "U ·~ TIL II f. P F [ T,( , 3 J "DO II 
"OEnI~~ I I~SCONtFL,T'(,1l' JI~SCONrEL,Ty,2JJ 
KI=1CoNrE~,Ty,3JJ LI=SCON[EL,TY.4~S 
AI=~S~Ty,JJ"XS(TY,I]1 81;YS~TY,IJ · YS~~Y,KJI 
AI=~8S(A)1 8t=ARS(B)I 
YMIQ~Rnpr T v.1JI PP'-PROP[TY,2J. Tl~PROPtTy,3J' 
FAr.I : O~251 
II ! r:" II A A " N En A "0 R II 1:3 8 " NEil 8 II THE N" ii BEG I Nil 
STRRSS(PP,YM,T,A,R, FS,FAC )J 
AAI=AI 8B! !t (J, 
II END "' 
1,~nO~~IJI J'~ROWCJ~' KI=ROWCKJI LlakOW(~JJ 
AS SEM8L ECI,J.K,L,p,FLORHX,ES)' 
" EN~ II I 
SH EARLnAO(rLnHLD,ROW,TY,O,SHLD)S 
ADDBEAM('Y.1 2 "NonE,f,Q,1,F~ORMX,RO H,O)1 
tLOrIX ( 1Y.tpr(TV,4J.LINK,1,3*EPFCTY,1~,POW,FLORHX)J 
EL t H (F'LOR~IX, F'LORLD, DOC, P) , 
C~lc:! 5 1 
YY ' '' 2+'I'Y",11 
TOll1 SC ((;i-i, FLnRI1X, SEeSe yyJ, DColo1. KK) J 
'r 0 III S C ( C ~ , F L n R L D , SEC S [ Y V ... 1 J , DO c +1 , P ) I 
II I:N"l" 1 
Ii END II I 
II I r!1 ,. Y < T Y r t: S li T H F. N II II GOT 0 II RET 3 I 
, . .1 
J 
881 
882 
i 883 
i 884 
885 
886 
887 
88A 
889 
890 
89~ 
892 
893 
894 
895 
896 
897 
898 
899 
900 
90;1. 
902 
903 
I 904 
905 
906 
907 
908 
909 
910 
911 
912 
913 
914 
915 
916 
917 
918 
919 
920 
921 
9 22 
923 
924 
925 
926 
927 
928 
929 
930 
931 
932 
933 
934 
935 
936 
937 
938 
939 
940 
II U E t1 I ~ " " REA L II II A R RAY II NOD E M X [ 1 INN J • NOD E L n ( 1 I 1 2 • NOD E J • 
FOHCEC1112·NODEJ ) 
II I \JTEGI1Rii V.VV.EX,FDI 
" P HOC E 0 U q F. ii II 0 n c n L ( r L R , T Y , N , E , (i ) J 
" V A L U E" r:' L R • T Y • II • F. , G 1 II I NT E G E R II F L. R , TV, ~ ) ; Ii f~ E A L" E I (j I 
II !:J E GIN II " T r~'" t r'l t: R II I, J • K I 1 I , J J , M , L J II REA L II L Y J 
" F' 0 11 11 K I : 1 II S T E pill "U NT I L. II ME M B il 0 a il II REG I Nil 
I I~CCN[K.l1J JI~CON[K.2~J 
LYI:lCCJ'~'-CCIJJ 
" I r II A B S ( L Y ) < 0 ~ 0011 0 1 II THE N " II GOT 0 ii NO COL' 
" I r II Z C C J J ) Z e [ i ~ " T H r ~J " " 8 E: G l t ill J J I " J J I I , ::; I J II END " i 
II E L S E " II 8 E GIN" J J 1 = I; I t I :; J J " E r~ n II I 
" r; 0 RilL. I ~ 1 ii S 'T' E P II 1 il UN TIL " E P F C TV PEt r L R J , 2 J il DO II \ 
II 8 E,1 I ~ il " I r" J J t:::; I r'~ C F L R , L J II T I I E ~I" " GOT 0" r ILL' II ~ NOli J 
II GOl'O ii ~)ucoC J 
r 1 L L I " II E ., I ~ ii " REA C " " A R RAY II H H C 1 , 1 2 , ~ I 1 2 ~ , PIN [ 1 I 1 J J 
"IN iEGER " P,O,T,Il,Jl, V,W, 
t-J E H 8 F. n ( K , m·' , CO :J , p r ~ " , xc. y r. , z c; , PAR) I 
TRANSrO~~(HH,CON,XC,VC,ZC,K)J I 
L I =N()Or-:tt<L.' ! 
" 1 F II r:' L r~ : 1 II 'T' r1 E N II II I;:l E G t N II M I ~ l' II GOT 0 " N F. X T, " ~ N D" J 
II F' 0 R II M I ;: 1. II S T E: P II 111 UN TIL. " . t: p r [ T Y P E ( r L R ., 1 ~ , 2 J " DOli ~ 
" [J E () I f\ II " 1 r tl I t == I PRe F' I.. R '" 1 , M J " THE N II II GOT 0 II N E X TI II END " , 
N E )( T I ~1 I II ( ~ ~ 1 ) .6 I L I ::I ( L " l ) • b I . 
II I F" II T i ;; I It THE N " " A E GIN II W I ~ 6, V I ;; 0' It END !I 
ii F. L SE " II R E Li 1 N II \oJ I == 0 I V I ; 6 ' " E I~ n II J 
II F 0 illl j 1 I iii 1 il S T r: p II 1 II U ~~ T l L. II 6 II DOli II 0 E G r N II 
II r 0 ~ II J 1 I 1:1 I 1. II S T r f"' II 1 II LJ r,1 TIL II fI II 0 0 II II El E G r N II 
PI~I1."11 QI=Jl*HI TI·(N·N"P).(P~1)"DIV"2+QI 1 
. ~ 0 D H1 X r. T J I = ~jt) {J E M X [ n • M He 11 + V .t J 1. V J J , 
PI~I!.LJ QI=Jl.LJ T'=( N ·N~P'* (P ~1 ,iiDIV"2 .Q ' I 
1\ 0 D t H XL T J I = W) I,) E H x C T j .. H H ell + \01 • J 1 ... W j J " EN U 1/ J 
" F' 0 rl li J 1 I ci 1 II S T F: P" 1 "U N TIL II () II 0 0 " II 0 E GIN II 
P I =I ! 1 + 1-\ I 0 I : J 1 ,. L , T I : ( N. N .. P ) * ( P;'l ) II 0 I v II 2 ... 0 I , 
f\ 0 0 E H xc ,. ~ I ;; NOD 6 M X C T J • H H ~ ! 1 + V • J 1 ,.. W J J II E t·) 0 I, J 
II EN) " ! II F I ~ D II I 
NOCOL IIiEIJO" J 
"EN'1 11 O~· AnneOlJ 
II P R I') C ~ D U R En AD JUS T ( "J 0 D E ,t) 0 C , ml , P ) J 
"VA L.Ul:fl l\iOOr=,DOC,'JN,P J "INT EGER tt NODE,DOC,NN,P' 
IIIJ Er'ltN "IIIN TEGER " t,J,T1,T2, 
"Faq " 11=1 II SiEp ll 1 "U~! TIL. II Dnc ii ['JO Il 
II F 0 ~ II J I : i " S T E P II 1 II UN T 1 ~ II DOC II DOli 
" BEnI~ 11 
Tll= (N t-,I.N~ J ;';I ) * C I.l)t1DtVII2+JJ 
T 2 , ::: C I~ ~ I . N ~J"; I " DOC) ... ( 1 ... D () C '" 1 ) " n I V'-I 2 + J. DOC J 
tJ 0'" r:: ~ x t T 1 J , = NOD E H XC T 2 J J 
N0I1E~XCT2J 1=0 J 
II E N r, il J 
" FOR " I I El1 liST EP " 1 "UNTI L- " one "DOli 
II F' 0 11 " J I ;: n 0 r'l ... 1 II S T E P" 1 II l) N TIL II P "D 0 II 
II l3Ef'lI~ii il l ::: (NNt+oI\.JN "' l ) . ( 1~1)IIDIVii2.JJ 
f\OlH: HXCilJI"OI " E' ID", 
" F' 0 :1 Ii i I = 1 II S T r: p il l "U ~I TIL II D () C '-1 lJ 0 II 
" BEt1If\rt NODtI..D~I~'~NODELO(DOC+IJI 
NOnE~D(D1C·IJI = OJ 
"EN'l "J 
II EN"''' U t ' A 0 .Ill S T J 
il PRO CEil U f1 E il HAT SET ( 1'3 x , "J , F L ,~ , E P r ) J 
"VA LUE II 'J ,r:U·q III '\JTUiPR Ii N,FLR) 
941 
942 
943 
944 
945 
946 
947 
948 
949 
950 
9~1 
952 
953 
954 
955 
956 
957 
9 58 
959 
960 
961 
962 
963 
964 
965 
966 
967 
968 
969 
970 
97;1, 
972 
973 
974 
915 
976 
977 
978 
979 
980 
981 
902 
983 
984 
985 
986 
987 
9 88 
989 
990 
991 
992 
993 
994 
995 
996 
99'7 
998 
9 99 
1 000 
" APR II Y" q X J " PJ i ~ . G E 1·( " " A 11 RA Y" E P F J 
II BEG I N" II ! NT E (, E R II I I F. , r I 
EI~ 6 *EprCT Y ~~(r (~J,2JI 
II IF " F L R ::J 1 ii i ll r: Nil" HE G 11'111 
II IF " E::; I" II T ~,; F.I-~ " " G n TO " 0 I) T I 
" F 0 Ii " 1 ; :: 11+1 ii S T r p II 1 " UN r ! L " N II Dr) II 
II BEG 1 N" l' I ; ( 2" N ... ? .. 'J • I ) .. ( I I" 1 ) II [) I V " 2 '" I I 
f:lX(Tl;;1(H20J 
" I::NO llj 
OUT I II E 1\ 0 II I 
II ! F " E ::; N II T Ioi e: f,I " " GO T 0 II F. \( 1 T I 
II r OR II I I q E ; 1,1'" i ii S T E P II 1 " I J N TIL " 2 .. N II DO " 
II BEG I N II T I II ( 2 * ~ ... 2 .. N t'I ! ) .. ( I .. :I. ) " D I V II 2 '" I J 
f3X [TJI ~ 10 '2 01 " EI'JDIII 
EXI T I " r! I~D " OF MAT SET , 
" F' 0 q ii I I = 1 II S ,. E P il l II UN T Il. II I~ ~I "DO" t J 0 D EM X t I J I :: 0 J 
II r 0 Ii " I I ;: 1 " S T E P " ;!. "U ~I T 1 L. II 12 * Non E 'I D ()" NOD E ~ Del J I II! F' 0 R ~ E t 1 ) I :I 0 J 
FV~I.OI 
RET41 rLQ,;rlR;11 
T YI ='I' Y PE(F'l~ RJI 
P I 1lI:3 at E P ~ ' ( T Y I ~ J J DOC I ;::3 ... E P F' C 'T' Y I 2 ~ J 
PIIIO()C l 
HMI=DOCI 
K K I = ...., M * ( ~ ~1 . 1 ) II 0 I v " 2 , 
" (j t: ,1 I 1\ i, " REA C. It " A R R A If" 8 LJ r M)( t 1 , K K J • H U F' L. 0 r. 11 P J J 
"I NTE GI:: I-I II YYI 
(I PRO CEO U 11 E Ii r LAS C; F. ~ ( Non I: I F L. R , K K , P • ~I N • S S ) I , 
" V A L U E II I~ 0 r E • F L R • K K,P , '" N , S S Jill N T E G F. R" NOD E • F L R • K K , '" , N N , S S J 
118 Er1I~ii "IN 'T'F.GER Il t , .,J, I r ,JJ, Ii, 12,.Jl,J2.R,a,L,H,S,T,W,T1.T2,PPJ 
II I ~J" E G E R II " A H RAY " C ( 1 , 3 J I ' . 
" I F il S S q 0 " THE "1" II [) E G t I~ II 
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